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As the demand for greener and more energy efficient vehicles continues to rise, 
more energy recuperation systems found their applications on the car which was never 
been used before. Among them, regenerative damper represent one of the new 
innovation to harvest the vehicle vertical kinetic energy. This project discussed the 
design, manufacturing and investigation of the performance of a regenerative damper.  
Most of the literatures focused on the improvements to the regenerative damper 
design and control method. There’s a research gap to relate the performance of 
regenerative damper to the working scenarios. Therefore, a regenerative damper 
design was proposed in this project based on the requirements of a conventional 
damper. Selection of essential components and design iteration loops for design 
optimization are critical to produce a working prototype. CAE tools like SolidWorks 
and ANSYS were utilized extensively in this stage. The design prototype was being 
manufactured and any problem arise was solved promptly and effectively. 
The prototype was tested on a damper dyno, and results in terms of damping 
force, damping speed and regenerated electrical output were recorded. Further analysis 
and evaluation were conducted on the recorded data to relate to the numerical relations 
presented in the thesis. It was found that the experiment results were coherent with the 
hypotheses made, but the projection model developed was not accurate to reflect the 
transients of the test setup. Overall, the potential of this regenerative damper is 
promising, with regenerated power as high as 120W for a damping speed of 0.2m/s at 
middle level generator load of 5Ω. 
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Chapter 1. Introduction 
1.1 Motivation 
Since the invention of the automobile back in late 19th century, the automotive 
engineers are always working on improving the design to produce a vehicle that is safe 
to drive on the road while is also efficient so that it incurs minimum costs on the user. 
Automobile has seen constant mechanical design changes over the decades and much 
new technology have been introduced to realize a more user-friendly and fuel efficient 
vehicle. However as with all the other technologies, the automotive engineering has 
reached a bottle neck in the development of fuel efficiency where huge efforts only 
produce marginal improvement. Hence, the automotive engineers start to investigate 
the possibility of recuperating all possible kinetic and thermal energy that dissipated as 
waste heat into the surrounding. For instance, the regenerative braking is one such 
invention to recuperate the kinetic energy during slowdown of vehicle. This is 
particularly useful on a Hybrid Electric Vehicle (HEV) or Battery Electric Vehicle 
(BEV), since the regenerated electric power can be used to recharge the battery pack 
directly. 
Another potential source of kinetic energy is the vertical motion of vehicle, 
such as pitching moment during acceleration and deceleration, wheel movement when 
going through potholes, humps and unevenness of the road, albeit not as significant as 
the horizontal kinetic energy. To achieve that, researchers and automotive engineers 
innovate the automotive suspensions systems to capture these vertical motions. A few 
different concepts and technology have been introduced over the last few years into 
the damper a.k.a. shock absorber, some based on the existing suspension technology 
like hydraulic damper with turbine while others presented a more radical idea of linear 
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generator. Nevertheless, much of such invention and innovation is still unable to go 
beyond the laboratory prototype or military projects due to the practicality and the cost 
factor. 
For instance, Levant Power, a technology start-up company by MIT alumni, 
produces automotive regenerative dampers called GenShock that serve a wide range of 
market from consumer cars, trucks and buses to military vehicles and industry 
platform [1]. GenShock claims to achieve fuel saving as high as $7 million yearly for a 
fleet of 7200 Class-8 heavy trucks while improving the truck handling and ride. Other 
variation of the regenerative suspension design exists in the form of linear generator [2, 
3]. There are a few patents granted worldwide detailing such invention, where magnet 
rings and armature coils are used to generate electricity during unsprung mass 
movement. For example, Intertronic Gresser GmbH had applied a patent on their 
design of the “electricity-generating suspension system” [2] and Goldner et al. had 
been granted a patent on their electromagnetic (EM) linear generator and shock 
absorber [3]. More details about the design of linear generator will be provided in 
Chapter Two. 
It was noted that much of the discussion on the topic of regenerative 
suspension for automobile is limited to the amount of energy recuperated and the 
damping force produced. Little discussions were found focusing on the topic of how 
the magnitude of regeneration affects the damping force and ultimately the ride 
comfort. Therefore, it is the objective of this study to investigate the magnitude of the 
energy recuperation based on a different design of the regenerative suspension on the 
resulting damping force. Besides, this study also aims to find out the factors affecting 
the magnitude of energy recuperation. The concept of the regenerative damper in this 
study is different from those presented in [1, 2, 3]; it utilizes a linear to rotational 
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motion converter to convert the reciprocating linear motion of the unsprung mass into 
rotational motion and drives a conventional direct current (DC) generator. 
1.2 Objective and scope of this study 
As mentioned in the previous section, it was noted that most of the academic 
research conducted on the topic of regenerative suspension damper were limited on the 
discussion of the magnitude of recuperated energy. Little was found for the discussion 
regarding the effect of level of regeneration on the damping characteristics. As such, it 
is the main objective of this study to produce a working regenerative damper based on 
components that are commercially available in the mass market. This involves both the 
mechanical design stage and the production stage. Besides, this project also aims to 
investigate the relationships between the input and output of a regenerative damper. 
One of such relationships was the correlation of speed of the bound and rebound of the 
damper to the damping force produced and the power generated from the recuperation 
generator. The project was interested to find out how changing the electrical load of 
the generator will change the damping force at a specific damping speed. Another 
relationship to investigate was the recuperated current and the corresponding damping 
force produced. The last relationship to investigate was the effect of bound and 
rebound stroke distance to the voltage and the electrical current produced at a 
particular damping speed. 
To investigate these relationships, various experiments were devised and 
conducted on the regenerative damper prototype. First of all a concept prototype was 
designed based on off-the-shelves components. This served to illustrate the practicality 
of the prototype such that it’s feasible to be produced if it were to be commercialized. 
This study only focused on the aforementioned regenerative damper prototype and no 
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comparison among different types of regenerative damper was made. The output of the 
DC generator will then be connected to a pure resistive electrical load to study the 
power regenerated. A damper dynamometer will be used to actuate the concept 
prototype in order to ensure the experiments are conducted in a control environment. 
After the discussion of the experimental results, the concept of the regenerative 
damping presented in this study will be used to design another concept model of 
dimension similar to the one installed on the actual car to demonstrate the practicality 
of this idea. Some results will be extrapolated based on the characteristic curve of 
another generator of higher power rating and the relationship between the electrical 
output and damping characteristics found earlier. 
1.3 Structure of this thesis 
This thesis is comprised of seven chapters. Chapter One gives an introduction 
to the idea of regenerative suspension on the automobile application, as well as the 
motivation behind the research in regenerative dampers. Besides, the depth and width 
of this study is defined and explained. 
Chapter Two presents the fundamental characteristics of a conventional 
automotive damper. In addition, the work and findings of the other academia regarding 
the concept of regenerative suspension will also be discussed. 
Chapter Three focuses on the design process of the regenerative damper 
prototype for this study. The basis of selection for the core components, information 
regarding the factor affecting the output voltage and current of a generator, how 
various components are being integrated together are discussed. The final assembly 
that was sent for manufacturing were introduced parts by parts. 
 5 
 
Chapter Four discusses the manufacturing process as well as the problem 
encountered during the assembly process. Problems were discussed and solutions were 
proposed to counter them. The proposed solutions were executed and were found to be 
effective. 
Chapter Five discusses the experiment set up available and also the test 
methodology. Based on the sub-objectives defined in Section 1.2, two sets of 
experiments were developed to examine the relationships. 
Chapter Six presents the core of this study which is on the discussions of the 
experiment results. The findings of various experiments which were devised based on 
the objectives defined in the earlier section will be discussed in detail and the 
significance will be discovered. 
Chapter Seven concludes this study with some conclusion statements and 
findings through the experiments. Furthermore, the limitation of the current study and 




Chapter 2. Literature Review 
In the relentless pursuit of better energy efficiency of the vehicle power train, 
the concept of regenerative suspension has gained increasing attention among the 
automotive engineers and researchers worldwide. This feature first came as a bonus 
from the semi-active suspension R&D the researchers worked on. At the time of 
writing, regenerative suspension is yet to be adopted by mass market. The potential 
hindrances to the adoption of regenerative suspension would be the capital cost of such 
device and the actual recuperation efficiency during real life operation. The essence of 
the regenerative suspension lies in the conversion of motion into useful work. This 
may be done through direct linear motion harvester or linear to rotational motion 
converter integrated with generator. Therefore, the core components in regenerative 
suspension are the device that can convert the reciprocal linear motion into a 
continuous rotation and the electric generator, as these two will significantly affect 
both the cost and the efficiency of this device. In this section, the work done by other 
researchers are presented. They discussed various ways of converting the reciprocal 
linear motion into rotational motion, the pros and cons as well as the findings from 
their experiments. 
2.1 Damping characteristic of a suspension damper 
The primary objective of an automotive suspension damper is to isolate the 
vehicle from the road roughness excitations by dampening and smoothing out the 
vertical acceleration motion. Vertical acceleration, as the main contributing factor in 
determining the ride sensation and passenger comfort, must be carefully controlled at 
all time in order to achieve good ride handling. There are many types of dampers 
available, each one caters to different applications and built based on targeted 
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economic costs. Gillespie in his book “Fundamental of Vehicle Dynamics” [4] 
categorized them into passive suspensions, self-leveling suspensions, semi-active 
suspension which can be further divided into slow active, low bandwidth and high 
bandwidth type, and the full-active suspension. 
 
Figure 2.1: The operation states of a hydraulic damper (Picture courtesy of Keith 
Calver) 
Referring to Figure 2.1, there are 2 possible modes of operation for a damper, 
i.e. bound stage when the unsprung mass moves towards the sprung mass thus 
compressing the damper, and rebound stage when the unsprung mass moves away 
from the sprung mass and extends the damper. The reaction force of a conventional 
hydraulic damper is velocity dependent, and for some dampers the force developed 
during bound and rebound stage is different. Dixon, in his book “The Shock Absorber 
Handbook” [5] provides great details on the vibration theories, design and 
performance of hydraulic dampers as well as the methods of testing the dampers. One 
important characteristic of damper that he pointed out is that the force exerted is 
dependent on its velocity but the effect of position is secondary for most cases. Figure 
2.2 were reproduced from Reference [5]. The subscript E stands for extension, a.k.a. 
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rebound; subscript C stands for compression, a.k.a. bound; subscript D refers to the 
damper itself. It is to note that the graphs in Figure 2.2 are only applicable to the 
exerted force of a damper; a suspension system with combined spring-damper unit will 
have speed and position dependent force relationship. 
 
Figure 2.2: Damper characteristics – (a) force vs. velocity; (b) force vs. absolute 
velocity; (c) absolute force vs. absolute velocity 
Giles in his book “Steering, Suspension and Tyres” [6] stated that due to 
frictions from piston movement and seal as well as inertia and hysteresis in the valves 
of a practical damper, the dampers seldom develop forces that are strictly proportional 
to the velocity. Besides, one very important point made by him is that the work done 
by the damper per cycle is equivalent to the area under the force-velocity curve. Thus, 
for every working damper, substantial mechanical energy is constantly dissipated as 
heat or noise. This finding sparked the interest of suspension energy harvesting. For 
optimum ride purpose, he suggested the bound setting should be low to minimize the 
force transmitted to the body whereas the rebound setting should be larger. On the 
other hand, bound and rebound setting may be set closer together for good road 
holding. 
The decision of implementing the passive dampers with constant force-velocity 
relationship on a car is a compromise between performance and cost. For other 
purposes such as top tier racing and off-road transports, the suspension especially the 
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damper has to adjust its parameters constantly to the new situation in order to maintain 
the road holding capability, since ride comfort is of secondary importance for these 
applications. In such cases, the active suspension is used to allow the vehicle to 
counter the heave, roll and pitch motions dynamically. Jonasson and Roos described 
the advantages of active suspension compare to the passive or semi-active suspension 
using a force-velocity graph [7]. Figure 2.3 were reproduced from Reference [7], 
shows comparison among the operational regions of damping force for active, semi-
active and passive system. Compare to passive or semi-active damping, active 
damping can operate on all quadrants in the force-velocity graph. With force actuators, 
active damping can dissipate energy as normal damper, inject energy into wheel 
suspension or regenerate energy. However, active suspension system are more costly 
than the passive or semi-active ones due to the complex control systems and additional 
actuators so its application is limited to those that requires critical road holding force. 
 
Figure 2.3: Force-velocity regions for active, semi-active and passive damping 
To achieve the objective of multiple damping characteristics for each different 
road condition while keeping the system cost down, semi-active suspension is 
developed. There are a few types of semi-active suspensions, such as orifice-based, 
electrorheological type and magnetorheological type. The orifice-based semi active 
damper changes the orifice size thereby controlling the hydraulic fluid flow rate within 
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to alter the damping characteristic curve. For the electrorheological dampers, the 
hydraulic fluid contains polar molecules. Whereas for the magnetorheological dampers, 
there are fine ferrous particles contained within the hydraulic fluid. Hence the 
viscosity of the composite hydraulic fluid can be controlled by the intensity of the 
electric or magnetic field strength, resulting in different damping force. Compare to 
active damper, even though the performance of semi-active damper is not as versatile 
as active dampers, but it’s of simpler structure thus the overall system manufacturing 
and implementation cost is lower. For instances, magnetorheological damper can be 
found on continental cars like BMW, Mercedes-Benz and so on. Figure 2.4 shows the 
changeable damping characteristic of a magneto damper developed by Shikalgar [8]. 
 
Figure 2.4: Force-velocity characteristic of a magnetorheological damper (figure 
courtesy of Shikalgar [8]) 
2.2 Various forms of regenerative damper 
Basically, the research on the topic of regenerative damper from the beginning 
of interest to the latest stage can be categorized into 3 main groups, namely the 
hydraulic damper with in-built generator, linear generator type and finally the motion 
converter working together with a DC or alternating current (AC) generator. 
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2.2.1. Hydraulic turbine integrated in conventional damper 
Conventionally, the primary function of automotive suspension is to dissipate 
the vertical kinetic energy of the vehicle in the form of heat such that any vertical 
movement will die down swiftly. This is critical to achieve the required ride comfort. 
Having discovered that the automotive damper as a pool of recoverable waste energy, 
Levant Power exploited the idea and introduced GenShock, the first successfully 
commercialized automotive regenerative damper [1]. Compare to a conventional 
hydraulic damper, it only differs in a way such that the hydraulic fluids are forced 
through an external recirculation network that a turbine is connected in series. When 
there’s bound or rebound movement of the damper, the hydraulic fluids are forced to 
turn the turbine that rotates the generator at the other end to generate electrical power. 
At the same time, an electronic control varies the force feedback on the electric 
generator to change the damping level. The regenerated electrical power can be 
supplied directly back to the onboard auxiliary battery of conventional combustion 
engine vehicle or the traction battery of the BEV or HEV [9]. Figure 2.5 shows the 
actual GenShock damper, and a schematic diagram explaining how it works. 
 
Figure 2.5: GenShock; and the section view explaining how it works (Picture 
courtesy of Levant Power Inc.) 
The company claims that fuel efficiency of vehicle can be increased by 1-6 
percent through the adoption of this technology, depending on the vehicle mass and 
 12 
 
terrain transverse. In addition, the GenShock is promised as being able to provide a 
wide dynamic range of tunable damping compare to a conventional suspension [10]. 
Figure 2.6 shows the damping characteristics of GenShock as provided by Levant 
Power Inc. However, the author found no verification study from the scientific 
database regarding the performance of GenShock at the time of writing this thesis. Nor 
is the cost of the damper, both opportunity cost and economical cost, being disclosed 
by the company. 
 
Figure 2.6: The damping performance of GenShock compare to normal shock 
absorber (Graphs courtesy of Levant Power Inc.) 
2.2.2. Linear Generator as the suspension damper 
Besides the idea of attaching a hydraulic turbine to capture useful work out of 
the flow of hydraulic fluid, there were also other, more direct means to capture the 
vertical kinetic energy of the vehicle. One such method is the idea of linear generator. 
It appears as early as 1975, but it wasn’t known as linear generator back then. Instead, 
it was designed to be a linear motor in an active suspension design and consume 
energy to generate force instead of generating energy, as described by Yankowski and 
Klausner in their U.S. Patent 3,941,402 [11]. This patent describes an EM shock 
absorber that uses electric current to create an opposing magnetic field to the other 
stationary magnets contained within the shock absorber to generate the damping force 
required. It senses the bound or rebound speed of the unsprung mass of the vehicle, 
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then send a signal to the control circuit so that it can feed current into the active 
electromagnet to create the damping force. 
In 1985, Merritt and Pasichinskyj explored the idea of converting the 
vibrational energy into useful electrical energy in their invention described in U.S. 
Patent US4500827 [12]. The said patent disclosed a design of an add-on component 
using armature coils and magnet in parallel arrangement that can be attached to the 
suspension system of automobile, or scaled up proportionately to be used in energy 
recuperation of naturally occurring kinetic motion, such as sea waves and wind energy. 
However, being the add-on component in the existing suspension system means it can 
affect the overall damping characteristic of the vehicle hence change the vehicle 
handling & ride characteristic. In addition, the said invention was designed as a 
passive element, i.e. once installed the damping force it produced cannot be adjusted. 
In order to obtain the desired voltage and current rating, the said invention should be 
integrated into an array of serial and parallel plurality. This might induces difficulty in 
wire management as well as increasing the gross vehicle weight (GVW). 
Built on the idea of Merritt and Pasichinskyj, an apparatus to convert the 
vibrational motion into electrical energy was invented by Tiemann in 1996 primarily 
for railway application but also adaptable to automotive application [13]. It was more 
elaborated than Merritt and Pasichinskyj’s invention, as the interspaces for armature 
and magnet pairs within this apparatus are different among each other so that the 
armature row will not be snapped to a preferred location. However, as noted from the 
schematic diagram of such invention, this invention does not provide the damping 
force as required for the vehicle shock absorber. It simply captures the vibration 
motion to generate electricity. Hence it will not be of much important to be integrated 
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into vehicle suspension system, even though a vehicle might experience significant 
vibration on some off-road terrain or bumpy road. 
In 1994, Konochitck  was granted a patent on new shock absorber design that 
has successfully integrated the idea of Merritt and Pasichinskyj into the automotive 
suspension system [14]. U.S. Patent 5,347,186 extensively described a damper that’s 
made of stationary and mobile magnets as well as corresponding armature coils around 
the magnets. Besides, the patent also explained the potential of such invention in many 
applications, such as marine devices, human vibration energy harvester and mini 
handheld low power generator. Later in 2012, Namuduri et al. from General Motors 
also granted a patent on a similar design, using magnet ring at the core that can move 
telescopically and armature coil at the outer body to generate electricity [15]. 
Nevertheless, throughout the patent document, no discussion on the damping force 
produced was found. Besides, based on the findings by Stuart, the magnet and 
armature coils arrangement within the damper body was not optimized [16]. In U.S. 
Patent 4,912,343 granted to Stuart on active automotive suspension system, he 
proposed a concentric array of magnet and armature coils arrangement for a 
cylindrical body. Within the cylindrical body, 2 concentric magnet rings should 
sandwich a concentric armature coil. Depends on the available space, such 
arrangement can be repeated radially to increase the magnetic flux density. 
Realizing the potential Goldner et al. [17] conducted a preliminary study of the 
energy recovery concept in vehicle suspension with a linear generator prototype using 
real world terrain data. They found that substantial amount of power as high as 
17.4kW can be recuperated under the condition of bound distance of 3mm and bound 
speed of 0.6m/s. With all 4 wheels installing the optimized regenerative dampers, a 
vehicle weighting 2500lbs and traveling at 45mph is potential to have a recoverable 
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energy percentage of 20% to 70%. Following on their work, Goldner and Zerigian 
invented an EM shock absorber that was claimed to perform much better than the 
similar prior art by combining the findings of Konotchick and Stuart described earlier. 
Their invention, as described in U.S. Patent 6,952,060 B2, consists of multi layers of 
magnet and armature coils in radial direction [3]. They claimed that due to the 
superposition of concentric magnets, the magnetic flux density was increased by 
nearly 4-fold. On top of that, with the inclusion of a monitoring circuit to adjust the 
voltage and current output of the said EM shock absorber, its dynamic performance 
was claimed to be alterable. Briefly mentioned in the Introduction chapter, Intertronic 
Gresser GmbH from Germany also invented a regenerative shock absorber that 
combined both the hydraulic generator idea and linear generator idea for their 
innovative “electricity-generating suspension system” for EV and HEV [2]. 
Besides these inventions described in the U.S. patents, there are numerous 
researchers working on the concept of linear generator regenerative suspension. 
Researchers prefer the tubular type linear generator over the flat type and rotation 
regenerator due to some distinguish advantages, such as higher efficiency and 
reliability, little leakage of magnetic flux, and rotation of the piston coil does not affect 
the electric characteristic. These advantages are described in literature by Cosic et al. 
[18], Arshad et al. [19], Choi et al. [20], [21]. For instance, Graves et al. [22] analyzed 
an electrical and magnetic circuit design of a proposed EM regeneration devices. In 
addition, they also investigated the different systems of linear generator damper and 
rotational generator. Through their study, it was found that the relatively small amount 
of regenerated energy might only be applicable to EV context. In comparison, the 
rotational generator has the mechanical advantage of speed multiplication, but it might 
have adverse effect on vehicle dynamic. Their solution to this problem was by adding 
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extra dynamic element in series to the rotation generator. On the other hand, linear 
generator depends on the motion of the shock for the regenerated energy, but 
amplifying the shock motion in order to increase the recoverable energy can have 
negative effect on vehicle dynamic too. Moreover, they also noticed that the output 
voltage must be large enough to overcome the terminal electric potential of the storage 
device.  
Besides the regenerative damper design, the control of the damper is another 
important part in an effective regenerative shock absorber. Okada et al. proposed an 
active-regenerative control for the suspension in their study, in which energy was 
regenerated at high speed, whereas active control was used to provide damping at low 
speed when the regenerative voltage was smaller than the battery terminal voltage [23]. 
Through their experiments, it was found that this new type of electrodynamics 
suspension performs better than the conventional passive damper. Following that, Kim 
and Okada introduced a pulse-width modulation (PWM) control step-up chopper 
which consisted of small inductor and high frequency switch to boost the regenerative 
voltage at low vibration motion speed in order to overcome the battery terminal 
electric potential [24]. 
In the experiment set up of Gupta et al. using a similar linear generator as the 
one proposed by Goldner, they found that at the frequency range of interest i.e. 0 to 
100Hz, the inductance of the EM coils were negligible compare to its resistance [25]. 
Also, the maximum damping force was developed when the external load was zero, i.e. 
short-circuiting the terminals of the EM coil. The maximum power was generated 
when the external load was identical to the internal resistance. Nonetheless, the power 
generated was merely 0.29W at coil velocity of 0.1m/s, which was relatively low for a 
sedan vehicle. On the other hand, the output voltage of the EM damper depends on the 
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wiring structure, with single phase AC and 3-phase AC being the most common 
variations. Hong et al. conducted a study to find the configuration that will achieve the 
least detent force within the rated voltage [26]. The detent force should be minimized 
for the stable operation of the linear generator. Their proposal is by varying the 
magnetic pole pitch. Finite Element Analysis (FEA) was used to analyze the magnetic 
flux density of the designed tubular linear generator to achieve the best theoretical 
design, followed by prototype testing. They found that irregular pole pitch can 
effectively produce more sinusoidal voltage as well as reducing the detent force. 
In their study of an active automotive suspension system, Stribrsky et al. 
proposed the integration of a linear AC motor in the suspension design because it can 
directly translate electrical energy into usable linear mechanical force and motion and 
vice versa [27]. Without the mechanical transmission in the system, the suspension can 
achieve low friction and no backlash resulting in high accuracy, high acceleration and 
velocity, high reliability and long lifetime. Besides, with the effective integration of 
modern control system, linear AC motor can efficiently isolates the vehicle from 
terrain excitation. Under certain circumstances, they found that the linear AC motor 
was able to recuperate energy from the vertical vibration. Stribrsky et al. developed the 
controller for the said suspension based on the H∞ theory. The control approach was 
by controlling the energy consumption through the controller deterioration. If the 
terrain condition is very rough, then the suspension system works similarly to the 
passive suspension and linear motor act as generator to produce electricity. If vibration 
is to be attenuated, the suspension system will function as active suspension by 
controller to do the damping job effectively. 
Subsequently, a paper by Zuo et al. [28] provided more design guidelines for 
an EM energy harvester for vehicle suspension. They suggested that instead of finding 
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a rare radial magnet, one can use the normal ring magnets and stack them with like-
poles of adjacent magnets facing each other to redirect the magnetic flux in radial 
direction. Also, through the extensive FEA on the magnetic flux, they suggested that 
the centre rod where the magnets were to be stacked best to use a material of low 
magnetic permeability such as Aluminum 7075. Besides, the spacers in between 2 ring 
magnets must be of high magnetic permeability to direct the magnetic flux radially. 
For the support tube where the armature is coiled, it has to be made of delrin of high 
electrical resistance to eliminate the eddy current loss. They derived some relations 
based on Faraday’s Law and Lorentz’s Law to predict the performance of EM damper. 
It was found that peak voltage is inversely proportional to the square of the 
wire diameter, while the peak power depends on the total volume of the conducting 
material in the coils. Through their experiments, they found that the regenerated power 
increased with the vibration amplitude and peaks at the frequency around the 
resonance of the vibration system. However, the power of each of the four phases were 
almost the same when the vibration amplitude was large, hence the total power of the 
four phases was not depend on equilibrium position. In comparison, the waveforms of 
regenerated voltage depended on the excitation frequency, amplitude and equilibrium 
position. 
Apart from the mechanical design of the system, modeling of such 
electromagnetic linear generator is also very important to better understand its 
expected performance. Zhu, Shen and Xu did an elaborated modeling and testing of 
EM damper in their paper [29]. They successfully modeled the parasitic damping 
power Pp and the EM damping power Pem, the EM damping force Fem, regenerated 
voltage and current, energy conversion efficiency η, among others. From these 
modeling, some important deduction were made, like optimal output power does not 
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occur simultaneously with the maximum energy conversion efficiency, peak damper 
force is proportional to the frequency while optimal output power is proportional to 
square of the frequency and so on. 
2.2.3. Linear to rotational motion converter integrated with electric generator 
There are many researchers around that are working on other ideas to capture 
energy from linear motion. One such idea is to first convert linear reciprocal motion 
into rotational motion and then use the rotation motion to power an electric generator. 
Such motion converter can be achieved mechanically through the use of ball screw. As 
early as 1989, a new type of vehicle suspension was designed by Murty in his U.S. 
Patent 4,815,575 [30]. This variable electric vehicle suspension uses a ball screw to 
first convert the bound and rebound movement into rotational motion. The ball screw 
cage is part of the armature rotor of a 3-phase alternator, while the stator magnets are 
housed within the outer body of the vehicle damper. The 3-phase generated output is 
rectified to produce a single DC output. When in use with an electronic control circuit 
that he proposed, the control circuit can detect the current regenerated and give 
corresponding signal on the damping force produced, thereby achieving the purpose of 
semi-active suspension system while recovering part of the energy that are wasted. 
More than a decade later, Kondo et al. [31] came out with an EM damper 
invention that explored the similar idea of ball screw motion converter. However, 
instead of the 3-phase alternator they coupled a DC motor directly to the ball screw 
cage to act as generator. They claimed that the EM resistance arises from the 
electricity generation will be the damping force for the shock absorber. Furthermore, 
the inventors claimed by direct coupling of motor, both the dead weight of the damper 
and the production cost could be reduced. By housing the motor within the shock 
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absorber body, it will protect the DC generator from mechanical wear and damage, 
thereby increase the durability and service life time. 
Zheng et al. [32] did an independent study using the similar prototype proposed 
by Kondo et al. [31] but integrated with a two-quadrant chopper PWM control electric 
circuit and a complex energy storage circuit. Zheng et al. chose the assembly of ball 
screw and DC motor due to its merit of higher operating efficiency, high control 
accuracy to realize displacement, velocity and acceleration control,  and changeable 
drive ratio. Their experimental energy storage comprised of a capacitor as a charge 
buffer and an accumulator. For the control system, “Gain Scheduling” method is used 
which will choose the most suitable parameters from the memory according to instant 
system input. In their experiment setup, they verified that the motor actuator had high 
dynamic braking efficiency, and the damping coefficient of the motor actuator could 
be changed by changing the external resistance load, which increased when the 
external resistances was reduced. 
Liu, Wei and Wang [33] adopted another approach in the exploration of 
regenerative damper using ball screw and generator by integrating a gearbox that has a 
bidirectional to unidirectional mechanism. By doing so, they stated that the motor 
generation efficiency, controllability and life time could be improved. To counter the 
issue of damping force dead zone after the integration of energy storage, they 
proposed to have 2 modes control such that at speed lower than the dead zero velocity, 
the regenerative energy should be dissipated in power resistors, and function as per 
normal when speed is higher than dead zero speed. They also noted the phenomenon 
of lack of damping force in higher speed than the generator rated speed, since a 
generator enters the constant power operation mode when it operates beyond the rated 
speed. This problem can be tackled by increasing the rated power of the generator but 
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it might cause other complications such as the change to the unsprung mass natural 
frequency and influence for ride comfort and drive safety. 
The controller for such energy harvesting suspension is another important part 
of the system for it to function efficiently and effectively. Zhang et al. [34] published a 
paper on their effort to design an active and energy-regenerative controllers for a 
suspension modeled after Murty’s invention [30], which uses a ball screw and a 3-
phase generator. Their controller was based on a full-car model controller aided by a 
torque-tracking loop to track the reference torque calculated by the full-car model 
main loop. They went on to the modeling of active suspension system for the whole 
car and utilized the H∞ control principle because both the plant uncertainty and the 
performance can be specified in the frequency domain. By choosing the proper 
weighting functions, certain performance and good robustness can be achieved to get 
rid of the adverse effect of plant uncertainties. The simulation results of the models by 
using real world terrain data showed that pitch and roll accelerations were reduced by 
active and energy regenerative suspension in the frequency range of 1-4 Hz. Using 
such controller, they were able to prove that in active mode the suspension consumes 
energy in order to maintain good ride comfort, while energy regenerative mode 
provides acceptable ride comfort and strong capacity of energy regeneration. 
Li et al. [35] used a mechanical motion rectifier (MMR) and conventional DC 
generator for energy regenerative shock absorber. This motion rectifier consists of 
gear rack and pinion to convert linear motion into rotation motion, one-way clutches to 
function as mechanical rectifier to convert the oscillatory rotation into unidirectional 
rotation, and bevel gears to transmit the motion to generator. The main advantage of 
this system over those presented earlier is that the electrical power recuperated from 
this system is DC so electrical rectifier bridges is no longer necessary hence the 
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overall circuit efficiency can be improved. From the simulation, they found that the 
system inertia was equivalent to the electrical smoothing capacitor in series with the 
electrical load, so the voltage was smoother when the input frequency was higher. In 
the force-displacement damping loops experiments, it was found that damping 
coefficient of the MMR harvester with a constant electric load was frequency 
dependent. They determined mechanical efficiency of MMR is around 60% and the 
efficiency increased when the external load decreased or the frequency increased from 
1 to 3.5 Hz. Their road test using a Chevrolet Suburban SUV verified a power 
generation of 15.4W at 15 mph along a smooth road. 
2.3 Literature review summary 
After reviewing the literatures related to regenerative damper design and 
performance, it was found that much of the discussions were focused on the 
improvements made to the regenerative damper design and control methods. Very few 
researchers looked into the performance of various regenerative dampers in different 
operational states, and even fewer researches related the actual performance of 
regenerative dampers in real world vehicular applications. Thus, it was the objective of 
this project to propose a commercially viable regenerative damper prototype to 
achieve the requirements needed to function effectively as shock absorber and study 
its performance under different operating states. In addition, its performance was 
related to the real world application, i.e. when the vehicle travels on different terrains 




Chapter 3. Regenerative Damper Prototype Design 
In this section, the design of regenerative damper prototype will be presented. 
The design cycle started off with the understanding of issues to be solved and the 
constraints faced. Then, the specifications and requirements were investigated in depth. 
The gathered information formed the basis of the design details. The design effort 
continued on idea generation and feasibility study stage. In this stage, various concepts 
and idea were brainstormed and their feasibility investigated based on the requirement. 
Review of other people’s work was very helpful in determining the most suitable 
concept or idea to be implemented. The detailed mechanical design was the most 
crucial stage of the regenerative damper prototype design. Computer Aided Design 
(CAD) tools were used for the modeling and visualization purpose and to ease the 
Design for Manufacturing and Assembly effort. The engineering analysis stage was 
carried out in parallel with design stage in order to ensure the mechanical structure of 
the prototype was safe for testing. These two stages formed a loop, where the outputs 
of the engineering analysis were used as improvements to the next design changes. 
The final stage of the concept prototype design was the fabrication and assembly of 
the final design. Figure 3.1 shows the sequence of the mechanical design of 
regenerative damper prototype. 
 


















3.1 The required specifications of the regenerative damper 
Before the mechanical design, the fundamental specifications such as damping 
displacement, overall dimension and mounting method have to be set to minimize 
confusion and conflicts in the design stage. Referring to Figure 3.1, the problem 
identification stage and information gathering stage was conducted concurrently prior 
to the design process. For this purpose, the design of the damper used by the 
automotive project in NUS, the Formula Society of Automotive Engineers (FSAE) 
project was referred to. The damper is a product from Penske company, model 7800 as 
shown in Figure 3.2. It’s specially designed for FSAE competition and utilizes 
additional pressurized gas canister to prevent cavitation from occurring within the 
compression and rebound chamber of the damper during sudden suspension movement. 
The damper force-velocity characteristic, as provided by the manufacturer, is 
displayed in Figure 3.3. Note that the derived force characteristics are distinctively 
different between low damping speed and high damping speed. 
 




Figure 3.3: Force-velocity characteristic of  Penske 7800 damper 
From the data, it can be deduced that the design of Penske model 7800 damper 
was biased towards providing more damping force in rebound motion. This fits to the 
nature of the application, i.e. to offer maximum stability to the vehicle by minimize 
vehicle roll motion when the vehicle negotiates a corner or minimize pitching effect 
during acceleration and deceleration of the vehicle. Nevertheless, Penske 7800 damper 
is a passive damper, with constant damping characteristics. FT12 car project, another 
automotive project in NUS, uses Gaz GP fully adjustable damper, shown in Figure 3.4. 
It’s a semi active damper, with 60mm stroke and a knob to adjust the viscous damping 
constant. Figure 3.5 shows the damping characteristics of the Gaz damper at softest 
and hardest setting respectively obtained by van Esbroeck [36]. 
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At the two extreme settings, the developed rebound force can differ up to 10 
times with respect to the softest setting at same speed. The only drawback is that the 
bound force does not change much at high speed when the setting changes. To begin 
with, this project aimed to design a regenerative damper that can produce a similar 
level of damping force and similar dimension. The preliminary decisions for the 
regenerative were to have a damping stroke of 50mm and simple bolt joint for both 
mounting ends. 
On the other hand, the actual operating condition of the damper was being 
studied as well to gain insight about the real world damping displacement during 
vehicle motion and the theoretical recoverable energy from the conventional hydraulic 
damper. To do so, a recorded run by the FSAE competition vehicle was used as 
calculation sample. It consisted of 10 laps of oval track on flat ground over the course 
of less than 5 minutes. At a sampling rate of 500Hz, the occurrences of each different 
damping speed were counted and tabulated. Figure 3.6 shows the tabulated data of 
number of occurrence with respect to different damping speed in the form of bar chart. 
Due to the fact that the vehicle was tuned for high speed turning and maximum 
stability, it was found that most of the damping speed occurrences fall between the 
range of 0.01m/s to 0.58m/s, which is the low bound and rebound damping region of 
the Penske 7800 damper. As such, the dissipated energy in the damper is quite little 
compare to that of a full size sedan car. This data set is just for reference and the 
design would not be limited to the specification of Penske 7800 damper in terms of 




Figure 3.6: Tabulated number of occurrence with respect to damping velocity 
3.2 Initial concept of the proposed regenerative damper prototype 
As mentioned in the previous chapter, there are mainly three types of 
regenerative damper design, i.e. the hydraulic turbine, linear generator and linear to 
rotation motion converter integrated with generator. Therefore it was vital to choose 
the genre of the regenerative damper to work on. In view that there is already a 
successful commercial product called GenShock from the company Levant Power 
Corp., the research and development in hydraulic turbine type regenerative damper 
was not pursued. On the other hand, Lim had conducted a feasibility research on a 
self-built linear generator for FSAE application [37]. He designed and built the linear 
generator based on the recorded damper movement data of the vehicle during the 
FSAE competition. He found out that due to the assembly limitation and component 
tolerance, the regenerated output power from the linear generator was too little to be 
meaningful for the FSAE application. In view of the assembly difficulty and 
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damper was not included into consideration. The project focused solely on the motion 
converter type of regenerative damper. 
The Design for Manufacturing and Design for Assembly were two crucial 
factors during the design of regenerative damper prototype, as the negligence of either 
one would escalate the production cost or simply not feasible to produce at all. 
Therefore, only mass market components were used in the design. Figure 3.7 shows 
the diagram of the preliminary design of regenerative damper prototype. The 
preliminary regenerative damper prototype consisted of a motion converter, a 
generator and power transmission medium such as gears or transmission belt. Besides, 
auxiliary components such as bearings and bolt joints were also needed. The 
appropriate type of motion converter and generator were selected prior to the 
mechanical design based on the space constrain and functional characteristics. In the 
preliminary design, the generator should be directly coupled to the output of motion 
converter for maximum transfer efficiency. Both motion converter and generator 
should be housed within a damper body to protect them from wear and damage. One 
end of the regenerative damper would be rigidly connected to the vehicle chassis while 
the other end would be the reciprocal input to the motion converter by using a 
mechanical linkage.  
 













3.3 Selection of motion converter for the regenerative damper 
There are various mechanisms invented that can convert rotational motion into 
linear motion and vice versa. For instances, scotch-yoke mechanism, crank and piston 
set, rack and pinion, lead screw, ball screws and roller screws.  
 
Figure 3.8: Scotch yoke mechanism (left); crank and piston system (right) 
Figure 3.8 illustrates the scotch yoke mechanism on the left side of the diagram, 
and the crank and piston system on the right side. These two systems share many 
similarities in terms of the mechanical elements required and the motion conversion 
methodology. But Scotch yoke mechanism is of lower system efficiency, due to the 
additional frictional loss between the pin on the rotating wheel and the slot of the yoke. 
For the crank and piston, this friction can be minimized by the use of bearings on the 
connecting points of the linkages. There’s one common limitation for these two 
systems, i.e. if it were to convert linear reciprocating motion into rotation, the initial 
position of the yoke or piston should never be at dead position which is the two end 
points of the stroke. Starting the actuating motion at these dead centres might damage 
the system. The scotch yoke and crank and piston system can normally be found in 
steam engine or hot air engine. In addition, the changing angular position of the pin on 
rotating wheel results in the non-uniformity of the position, linear velocity and 
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acceleration. Figure 3.9 shows the displacement and acceleration of the scotch yoke 
and crank and piston mechanism with respect to the angular position of the pin.  
 
Figure 3.9: Displacement and acceleration profile of the Scotch Yoke and crank 
and piston mechanism (Image courtesy of Greg Locock) 
 
Figure 3.10: Example of a gear rack and pinion system 
Figure 3.10 is an example of a gear rack and pinion setup. Compare to scotch 
yoke or crank and piston mechanism, rack and pinion offer more flexibility and 
accuracy in capturing the input motions. As each gear tooth is hobbed out using 
standard machine tool, rack and pinion set has much better assembly accuracy thus 
have a higher motion conversion efficiency compare to scotch yoke and crank and 
piston. Nevertheless, the system design must ensure good meshing among these highly 
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accurate gear teeth in order to minimize the frictional losses in terms of heat and noise. 
On top of that, the torque transmission limit of the rack and pinion system depends on 
the gear module, which can also affect the system packaging factor.  
 
Figure 3.11: Various Lead screw system (left), and different types of lead screw 
thread [40] (right) 
 
 
Figure 3.12: Schematic section view of a ball screw (left); cut-away view of a ball 
screw (right) 
In modern machinery design, lead screws or ball screws are normally used in 
the scenario where rotation-to-linear motion conversion is concerned. This is because 
compare to the rest of the mechanism presented earlier, lead screw and ball screw can 
achieve better positional accuracy using fix screw lead. For details on how a ball screw 
works, please refer to the guide provided by NSK America [38].  As discussed earlier, 







though the angular speed of the wheel is constant. For lead screw and ball screw, so 
long as the angular speed of screw is constant the linear speed would maintain 
constant and vice versa. Besides, lead screw and ball screw do not need to avoid the 
initiating position at two ends. The only care required is that the nut should not go 
beyond the threads; once it goes out of the thread length the lead screw or ball screw 
will no longer work. It has to be sent back to manufacturer for reassembly. Lead screw 
and ball screw share many advantages than other systems discussed earlier, such as 
high load carrying capability at a compact size, large mechanical advantage, smooth 
operation, can handle variable stroke and require little maintenance. But comparing 
side by side, ball screw has much higher mechanical efficiency than lead screw thanks 
to the high precision bearing balls within to reduce the friction when the lead screw 
rotates. In short, the advantages and disadvantages of various system is being 
summarised in Table 3.1. 
Table 3.1: Summary of various rotary-to-linear motion conversion mechanisms 
System Advantages Disadvantages 
1. Scotch yoke • Simple, easy to use 
• Stroke can be changed by 
changing the rotation wheel 
size 
• Lower system efficiency than 
crank and piston setup due to 
friction 
• Non-uniform linear speed 
and acceleration. 
• Linear motion cannot be 
started at dead centres. 
• Not versatile; cannot handle 
variable stroke during 
operation. 
2. Crank and 
piston 
• Simple, easy to use 
• Stroke can be change by 
altering rotation wheel size, 
linkage arm length. 
• Low system efficiency due to 
friction 
• Non-uniform linear speed 
and acceleration. 
• Linear motion cannot be 
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started at dead centres 
• Not versatile; cannot handle 
variable stroke during 
operation. 
3. Rack and 
pinion 
• High assembly accuracy 
achievable 
• Stroke depends on the rack 
length 
• Higher system efficiency 
compares to scotch yoke, 
crank and piston. 
• Requires accurate system 
design 
• Torque transmission 
capability limited by the gear 
module. 
• Input and output axis 
perpendicular to each other 
 
4. Lead screw • Compact, simple to design 
• Large load carrying capacity 
• High positional accuracy 
• High mechanical advantage 
• Quiet and requires little 
maintenance 
• Can handle variable stroke 
during operation 
• Input and output speed is 
linearly proportional. 
• Lower power transmission 
efficiency than ball screw 
and rack and pinion system. 
• Screw wear due to friction 
during operation 
• Risk of buckling in the 
region between supports 
 
 
5. Ball screw • Large load carrying capacity 
• High mechanical advantage 
• High positional accuracy 
• High system efficiency 
• Quiet and smooth operation 
• Can handle variable stroke 
during operation. 
• Input and output speed is 
linearly proportional 
• No self-locking due to too 
low friction. 
• Requires more parts than 
lead screw for ball 
recirculating system 
• Risk of buckling in the 




After the advantages and disadvantages of various mechanisms have been 
considered, it was decided that ball screw should be used to effectively convert the 
different damping strokes that varies widely during operation. The next steps would 
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then be selecting the right ball screw size for the development of the concept prototype. 
There are numerous bearing manufacturers around that sell both standardized and 
customized ball screw. The customized ball screw from Misumi SEA was selected 
because of its short lead time and high customizability to suit the project. To select the 
proper ball screw size, the following calculations were conducted based on the 
technical guide provided by Misumi SEA [39]. 
First of all, the nominal diameter of the ball screw must be determined before 
the lead can be chosen from the available options. And the nominal diameter of ball 
screw depends on the axial load that it is likely to experience during operation. For the 
development of the concept prototype, it will utilize real world data from the test runs 
of FSAE car. Equation 3.1 relates the maximum force tolerable to the diameter and 
screw lead of the ball screw system. 
𝐹𝑎𝑥𝑖𝑎𝑙 = 𝑚𝑑𝑡ℎ𝑟𝑒𝑎𝑑4
𝑙𝑠𝑐𝑟𝑒𝑤
2 × 104 (3.1) 
where 𝐹𝑎𝑥𝑖𝑎𝑙 is the allowable axial load in Newton (N), 𝑚 is the coefficient determined 
by method of screw support, 𝑑𝑠𝑐𝑟𝑒𝑤 is the thread root diameter in mm and 𝑙𝑠𝑐𝑟𝑒𝑤 is the 
distance between points of buckling load in mm. Referring to the mechanical system 
design in Reference [34], the ball nut of the ball screw is supported by bearings while 
the lead screw acts as the damping actuator. Thus following Misumi technical guide, 
the value of 𝑚 would be 1.2. From the test run data, the max damping force developed 
was found to be 583N. Whereas the 𝑙𝑠𝑐𝑟𝑒𝑤 would be the maximum extension of the 
damper, which is 100mm (by adding 50mm bound and 50mm rebound distance 
together). Rearranging the terms, the 𝑑𝑠𝑐𝑟𝑒𝑤 can be expressed as in Equation 3.2. 
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𝑑𝑡ℎ𝑟𝑒𝑎𝑑 = �𝐹𝑎𝑥𝑖𝑎𝑙 ×  𝑙𝑠𝑐𝑟𝑒𝑤2𝑚 × 1044  (3.2) 
Substituting all the values into Equation 3.2, 𝑑𝑠𝑐𝑟𝑒𝑤 was found to be 4.69mm. 
That is, in order to safely withstand the developed damping force of 583N, the ball 
screw thread root diameter should be at least of 4.69mm. But since the smallest ball 
screw diameter available from Misumi is 8.0mm and it requires special ordering, the 
ball screw of thread diameter 10mm was chosen instead. As the purpose of the 
regenerative damper is to convert all linear motion into rotational motion regardless 
how small is the distance, the smallest lead of 2mm was selected. 
The allowable rotation speed, a.k.a. critical speed, 𝑁𝑐 of a ball screw can be 
determined from Equation 3.3. 
𝑁𝑐 = 𝛾 𝑑𝑠𝑐𝑟𝑒𝑤
𝑙𝑠𝑐𝑟𝑒𝑤
2 × 107 (𝑚𝑖𝑛−1) (3.3) 
where 𝛾  is the factor determined by the ball screw supporting method and is 3.4 
according to the technical guide, 𝑑𝑠𝑐𝑟𝑒𝑤 is the screw root diameter which is 8.4mm 
from the technical data sheet. Using these values, 𝑁𝑐 was found to be 28650 rpm. This 
critical speed was counter checked with the possible operating speed if the ball screw 
is used to convert linear motion into rotation motion. Reference [34] provided an 
expression to relate the linear stroke speed to rotation speed of ball screw as expressed 




where 𝜔 is the rotational speed of the ball screw in rad/s, 𝐿 is the ball screw lead in 
mm and 𝑣 is the linear speed of the screw in mm/s. From the logged test run, most of 
the damping speed occurs below 0.58m/s, so the maximum linear speed value of 
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0.58m/s or 580mm/s was adopted. The potential maximum rotational speed for the ball 
screw was calculated to be 1822 rad per second, or 17400 rpm. Thus, the selected ball 
screw was safe to use in the prototype of this project. 
In addition to the operating limits of the selected ball screw, the operating 
efficiency of the ball screw as well as the relationship between axial force and output 
torque of the ball screw nut were also explored. According to the technical guide, the 
efficiency of the ball screw can be numerically expressed in Equation 3.5: 




where 𝜇 is coefficient of friction and varies from 0.002 to 0.004 for ball screw [38], 𝛽 
is the screw’s lead angle and 𝐷𝑏 is the ball centre-to-centre diameter. The coefficient 
of friction 𝜇 was taken as 0.003, the average of 0.002-0.004 and the ball centre-to-
centre diameter is 10.3mm. With Equation 3.6, the screw lead angle was computed to 
be 3.54°. Therefore, the efficiency of the ball screw was determined to be 
approximately 95%. This figure was fairly good, as it was comparable to the efficiency 
of a carefully designed rack and pinion system. 
3.4 DC generators 
The other core component needed to achieve the objective of regeneration was 
the generator to be used in the regenerative damper prototype. In general, there are two 
types of generators available, namely DC generator and AC generator.  This project 
adopted a DC generator in the mechanical design of the regenerative damper prototype 
because it did not cause additional complexity in design. The governing principles of a 
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DC generator as well as its behaviors under various operational states were studied 
before the mechanical design stage. 
3.4.1. Governing principles and numerical relations 
DC generator has been around for a long time; its invention can be dated back 
to the mid-19th century. The two governing principles that lead to the understanding 
and invention of DC generator are the Faraday’s Law and Lorentz’s Law. Faraday’s 
Law dictates that for a conductor that exposes to a varying magnetic field or when it 
cut through the magnetic field transversely, an electric potential difference will be 
induced. A numerical relationship has been established to relate the induced output to 
various operation parameters in Equation 3.7. Vectors are usually used to predict the 
direction of the induced electrical output. 𝐵�⃑  is the magnetic field flux, ?⃑?  is the 
transverse velocity of conductor across the magnetic field and 𝑙𝑎  is the length of 
armature coil. 
𝐸�⃑ = 𝐵�⃑ × 𝑣𝑐���⃑ × 𝑙𝑎 (3.7) 
For a conventional DC generator, the armature wires cuts through the magnetic 
field in circumferential motion in cylindrical coordinate system about the central 
rotation axis at a distance 𝑟𝑎���⃑ . Therefore, Equation 3.8 was used to express the velocity 
vector 𝑣𝑐���⃑ . 
𝑣𝑐���⃑ =  𝜔�⃑ × 𝑟𝑎���⃑  (3.8) 
Combined Equation 3.8 into Equation 3.7, the relationship between the rotation 
speed and the induced voltage can be found. Besides, there are multiple conductors of 




𝐸�⃑ = 𝐵�⃑ × 𝜔�⃑ × 𝑟𝑎���⃑ × 𝑛 × 𝑙𝑎 (3.9) 
According to Ohm’s Law, the electric current 𝐼 flowing through a conductor is 
directly proportional to the electric potential difference 𝐸 across the two terminals, and 




Assuming short circuiting, the maximum current that can be produced is 
dependent on the internal resistance of the wire wounds. The resistance value is 
dependent on the material property of the conductor known as electrical resistivity 𝜌, 
as well as its geometrical shape. In general, the resistance is inversely proportional to 
the cross-sectional area A and directly proportional to the length 𝑙𝑤 . The wires 
normally used in DC generator are round enameled wires of radius 𝑟𝑤 , so the 
resistance of the wire is found to be: 





When Equation 3.11 was integrated into Equation 3.10, the expression for the 
max induced current can be deduced from Equation 3.12. 
𝐼𝑚𝑎𝑥��������⃑ = 𝐸�⃑ 𝜋𝑟𝑤2𝜌𝑙  (3.12) 
From the Faraday’s Law of Induction, it is known that a charge 𝑞  move 
through a magnetic field 𝐵�⃑  must experience a force ?⃑?. This force is known as Lorentz 
force and can be expressed numerically as Equation 3.13 [40]. For a conventional DC 
generator, the input mechanical force should be converted into torque to generate 
electrical output. This was expressed as Equation 3.14. 
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?⃑? = 𝑞�𝐵�⃑ × 𝑣𝑐���⃑ � (3.13) 
𝑇�⃑ = ?⃑? × 𝑟𝑟��⃑ = 𝑞�𝐵�⃑ × 𝜔�⃑ × 𝑟𝑎���⃑ × 𝑟𝑟��⃑ � (3.14) 
It is another established fact that current is a number of moving charges per 
unit of time. Hence, it can be deduced that the induced current is directly proportional 
to the input mechanical force. 
The electrical power output of a DC generator is simply the product of 
instantaneous voltage 𝐸�⃑  and current 𝐼 . This can be related to the input mechanical 
power through the introduction of the efficiency figure, 𝜂𝑔𝑒𝑛. The maximum output 
power was defined in Equation 3.18. 
𝑃𝑖𝑛 = 𝑇�⃑ × 𝜔�⃑  (3.15) 
𝑃𝑜𝑢𝑡 = 𝐸 × 𝐼 (3.16) 
𝜂𝑔𝑒𝑛 = 𝑃𝑜𝑢𝑡𝑃𝑖𝑛  (3.17) 
𝑃𝑚𝑎𝑥 = 𝐸 × 𝐼𝑚𝑎𝑥 = 𝐸2𝜋𝑟𝑤2𝜌𝑙  (3.18) 
3.4.2. Factors affecting the induced electrical output 
From the equations established in the earlier section, the important parameters 
that have impact on the induced output power can be found. Equation 3.9 showed both 
the design parameters as well as the operational parameters that can affect the output 
voltage. In the design of DC generator, an increase in magnetic flux 𝐵�⃑ , number of 
wound of wires 𝑁, the radius of armature 𝑟𝑎  and length of armature coil 𝑙𝑎  will all 
increase the induced voltage permanently. The increase in magnetic flux can be 
achieved through the selection of higher grade permanent magnets such as neodymium 
(NdFeB) magnets or samarium cobalt (SmCo) magnets [41]; whereas number of wire 
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wounds, radius and length of armature are balanced on the basis of cost and packaging 
factor. It was observed that generators that produce high voltage are usually slender 
and long in shape compare to those aims to deliver low voltage but higher current. 
During operation, increase in rotation speed of the generator will increase the induced 
voltage until the voltage induction saturation occurs. 
On the other hand, to get high current at same output power level, the induced 
voltage must be reduced. Refer to Equation 3.12, thicker wires should be used together 
with less number of wounds in the fixed armature size in order to obtain higher current 
induction. Besides, according to Equation 3.13, higher current produced will translate 
into higher torque required to maintain the rotation motion. From the Principle of 
Conservation of Energy, assuming constant operating efficiency and constant induced 
voltage at same rotational speed, when the output power increases, the input power 
must be increased accordingly, hence the applied torque must be increased. In actual 
case, the induced voltage will not stay constant when the current load increases. For 
some generator with good voltage regulation, this voltage fluctuation is quite small. 
Due to the efficiency limit, the output of a DC generator is always less than its 
input. This efficiency is attributed by numerous factors, for instances the bearing drag 
resistance, the magnetic flux leakage, armature copper loss 𝐼2𝑅, hysteresis loss in the 
armature and eddy current loss. Another factor that contributed to the efficiency figure 
is the effective length of the conductor wire that cuts through the magnetic flux 
transversely. Referring to Figure 3.13, the length of wires marked out by the red box 
will not induce electricity, since they do not cut through the magnetic flux 
perpendicularly as dictated by the Faraday’s Law. Thus, the effective length of 





Figure 3.13: Armature coil of a DC generator 
3.4.3. Selection of DC generator for this project 
For the concept prototype, a brushed DC generator was preferred because it 
could eliminate the need for a complex output regulating circuit. However, the options 
available in the commercial market were limited in terms of specific power output of 
the generator. In the end, a mini brushed DC motor, Faulhaber 3257G024CR, was 
chosen instead to work as generator. The technical datasheet of the motor is presented 
in Appendix C. 
To better understand the performance of the Faulhaber 3257G024CR motor as 
a generator, a verification test was being done where it was being driven to a constant 
rpm and the output under no load condition and loading at different electrical 




Figure 3.14: Plot of generated voltage of generator w.r.t. rotation speed 
 From the graph, it was found that under no load condition, the back-EMF 
constant of the generator was 0.0041V/rpm or 4.1mV/rpm. This was quite close to the 
back-EMF constant of 3.95mV/rpm given by the manufacturer. However, the voltage 
regulation of the generator was poor, as the percentage of voltage drop became more 
significant with the increase of load from 6Ω to 1Ω. At 1Ω, it has the greatest voltage 
drop. In addition, it should be pointed out that the voltages at different rotational speed 
were recorded after they stabilized. When accelerated from rest to a particular speed, 
the voltage does not reach the stable level instantly but approaching it steadily. This 
was due to the self-inductive effect which will contribute to the voltage loss in 
transient stage. This relation was represented by Equation 3.19, where V is the 
effective voltage, E is the induced voltage of generator, L is the self-inductance of the 
generator, and  𝑑𝐼
𝑑𝑡
  is the rate of change of current flow in the armature coil. 
V = 0.001ω 
V = 0.0019ω 
V = 0.0024ω 
V = 0.0027ω 
V = 0.0029ω 
V = 0.0031ω 

















Generator speed (rpm) 
Voltage generated for different generator load 
Linear (1 Ω) Linear (2 Ω) Linear (3 Ω) Linear (4 Ω) 
Linear (5 Ω) Linear (6 Ω) Linear (No load)
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𝑉 = 𝐸 − 𝐿 𝑑𝐼
𝑑𝑡
 (3.19) 
Also, this loss from self-inductance was found to be more severe at high 
angular acceleration, when the induced voltage increases more rapidly hence greater 
current change. That is, at high angular acceleration, the voltage requires more time to 
reach stable level. In addition, the generated voltage was found to have quite 
significant amount of ripples during stable stage. Figure 3.15 shows the recorded 
voltage level when the generator was powered from rest to a specific speed. For all 
tests, the generator reaches the required speed in approximately 0.2 second. The 
relationship between angular acceleration and voltage stabilization time was clearly 
depicted. 
 
Figure 3.15: Voltage level with respect to time at different rotational speed 
3.5 The conceptualization of mechanical design of the prototype 
Ball screw, as the core component in the design of the concept prototype, plays 
the vital part in determining how the prototype is going to work mechanically. With its 


















Voltage under self-inductive effect 
580rpm 876rpm 1378rpm 1979rpm
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generator using the converted motion. Following the selection of ball screw, the next 
step would be to choose the right generator to work with it.  
The design effort was focused on the packaging of ball screw within a metal 
housing in order to convert the vertical wheel motion into rotational motion. Besides, a 
method of connecting the generator to the output shaft of ball screw was the other 
focus of the design. For a ball screw, the screw nut and the screw itself will always 
have opposing motion. When one of them rotates about the central axis but remain 
stationary in relative axial position, the other one will be forced to move axially. In the 
case of regenerative damper, the linear actuating motion of the wheel movement was 
the input and the rotational motion was the output. As defined by Misumi, this is 
reverse driving action. For the design of the concept prototype, the linear motion was 
coupled to the screw shaft, while the screw nut will produce the rotational output that 
drives the generator. Furthermore, the rotation of the screw nut must also concentric 
with the regenerative damper housing to minimize the potential dynamic force.  
The ball screw nut had to be constrained in such a way that it does not move 
axially, but rotates freely. Therefore, it was sandwiched between 2 angular contact thin 
race ball bearings to have sufficient radial support so that it would not wobble. Two 
bushings with PCD fastener holes were added on both side of the ball screw nut to 
connect it to the ball bearings to gain the required radial support. In addition, each end 
of the ball screw nut was supported by a needle thrust bearing to allow rotation when it 
is axially loaded during damping motion. Since the ball screw nut is constrained in a 
fix location that is inaccessible due to ball bearings at 2 ends, a concentric tube was 
connected to it in order to drive the generator at an axial distance away from the screw 





Figure 3.16: CAD modelling of the ball screw nut attachment 
To package ball screw unit, generator and gears set together while providing 
the attachment points to connect the unsprung mass to the sprung mass, a cylindrical 
housing was designed as the damper body. Its design and dimensioning was critical 
because it had a pivotal role on the integrations of ball screw nut attachment, generator 
and the mounting joints. The dimension tolerance was of utmost importance where 
bearing was concern. After referring to the manufacturing guide, H6 slide fit with 
respect to the outer diameter (OD) of bearing was used for the bearing seats.  
To ease the assembly and disassembly of the concept prototype, it was decided 
that the top and bottom end of the damper body be removable. 2 circular covers were 
designed to be slide fit to the damper body. The top cover held a bearing to provide 
radial support to the free end of concentric tube while the bottom cover housed a thrust 
bearing to provide axial support. Bolted connection and circlip were shortlisted as 
potential solutions to secure the cover to the body. After consideration, circlip was the 
preferred choice to constrain the covers in places because it provides the much needed 
shear strength for the whole assembly in axial direction of the ball screw.  
Ball bearings 








The length of the damper body was determined by the packaging requirement 
of the generator while the wall thickness was decided based on the result of FEA as 
well as dimensional constraints. In the end, wall thickness of 5mm was determined to 
be a good compromise between these two factors. A maximum force of 4900N was 
recorded during vehicle motion, so this force was applied to the thrust bearing seat 
while the component was constraint to fix in space at the circlip groove. Overall, the 
stress induced was found to be quite evenly distributed; a minimum Factor of Safety 
(FOS) of 5.1 was obtained from Aluminum 6061 T6 alloy and deemed satisfactory. 
 
Figure 3.17: FOS plot of damper body from the FEA 
The method to connect the generator to the output shaft of the ball screw nut 
attachment depends on the power transmission medium. The generator was decided to 
be attached to the side of the damper to allow the use of mechanical leverage. After the 
pros and cons of various power transmission mediums like gear, flexible belt, chain 
and sprocket and frictional drum were weighted, gears of small module were selected 
to transmit mechanical power from concentric tube to generator with minimum loss. 
The gear and pinion design was a compromise among factors like the torque 
transmission limit, gear ratio and number of teeth on the pinion. From the technical 
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data sheet of the generator, the current constant was found to be only 0.027 A/mNm. 
That will translate into a need for relatively high torque in order to produce significant 
amount of regenerated current when the generator is being loaded electrically. Thus, 
gear ratio chosen was a balance between speed amplification and the magnification of 
required torque. Constrained by internal space of damper body, 60 teeth pinion was 
selected to pair with 80 teeth gear. Both of the gears were of module 0.5.  
The overall packaging was also counterchecked to make sure the damper body 
provides sufficient allowance for the ball screw shaft when in full bump condition. It 
was important to have adequate room for screw shaft extension; as it might damage 
the damper if crashed into the top of the damper. The generator was positioned in 
parallel with the concentric tube instead of directly on the axis of rotation of the ball 
screw nut to reduce overall length. Figure 3.18 shows the isometric view of the 
completed CAD assembly of the regenerative damper prototype on the left, and its 
section view on the right. 
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Figure 3.18: Isometric view of the full assembly of regenerative damper prototype 
The design of the regenerative damper was based on the same bound and 
rebound distance of 25mm each. But out of conservative consideration, the final 
design had 5mm allowance to both bound and rebound distance, increasing them to 
30mm each and gave a combine damper stroke of 60mm. As a proof of concept 
prototype, circlips were used in place of permanent joints at both ends of the damper 
body to ease the assembly and disassembly of the prototype as well as troubleshooting 
phase. In addition, similar to the motorcycle dampers, high tensile strength rod end 
bearings from Aurora Bearing Co. were used to provide the necessary attachment 
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points. Figure 3.19 shows the section view of the concept prototype in full bump 
condition on the left and full rebound condition on the right. The designed neutral 
position of the regenerative damper was at 315.6mm.  
   
Figure 3.19: Section view of the regenerative damper in full bump (left), and full 
rebound (right) 
Figure 3.20 shows the cross-sectional view of the regenerative damper 
prototype with labeled components. Please refer to Appendix D for the Bill of Material 
(BoM) of regenerative damper prototype. After the design was finalized, it was put 
forth for manufacturing. Fabrication service was acquired from external machinist 
while off-the-shelf components were bought from local market. The details regarding 
















Chapter 4. Design rectification and prototype 
fabrication 
In this chapter, the fabrication of the concept prototype was presented. Besides, 
a few problems were encountered during the assembly of the prototype. They were 
diligently considered and solutions were produced that requires some modifications to 
the existing design. Some parts were remanufactured and the prototype was 
reassembled again. The reassembled prototype was found to operate without any 
problem. It was then tested with a damper dynamometer. The testing will be discussed 
in detail in the next chapter. 
4.1 Assembly process and problem encountered  
After the design had been finalized, the manufacturing of the prototype 
commenced. The custom design parts were being outsourced to external fabrication 
service provider to be manufactured. All the parts were to be fabricated using 
Aluminium alloy, as it is easier to machine thus can save time and cost of production. 
Simultaneously, off-the-shelf components were all bought from Misumi SEA to 
standardize the tolerance of the components. These include the ball bearings, thrust 
bearings, circlips, set screw, dowel pins and gears. 
When the ball screw nut attachment was assembled into the damper body, the 
following problems were found. 
i. The ball screw shaft was not concentric with the rotational axis of the rest 
of the components when assembled. This was because the original design 
of the ball screw nut spacer was that it had a clearance hole for the ball 
screw nut body. Only PCD bolts were used to align the screw nut to the 
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rest of the components. Besides, the PCD holes on the ball screw nut were 
of diameter 4.5mm but normal metric M4 bolt was used to secure the ball 
screw nut spacer, ball screw nut and nut stopper together. As a result, there 
was a 0.25mm of radial free play for the ball screw nut. Hence, the PCD 
holes failed to serve its alignment purpose. 
ii. The ball screw shaft wobbles when rotated about the central axis. This 
problem was due to the 2 flat surfaces of the bearing spacer fabricated in-
house were not perfectly perpendicular to its cylindrical axis. This cause 
the bearing near the damper body lower cover to have axial movement 
when rotated. 
iii. The ball screw nut attachment ceased to rotate when it was assembled 
within the damper body and the lower cover was secured in place with the 
circlip. This is because the lower cover provides axial support to both inner 
and outer bearing races on the same component. But, the races must be 
able to move with respect to each other, so does the axial supports. 
iv. Since the 100 teeth gear was bought from Misumi under special order, and 
the concentric tube was fabricated by external machinist, they were found 
to have different dimensional tolerance. Consequently, the gear cannot fit 
onto the concentric tube. 
4.2 Design rectification 
Having identified the problems, the CAD model of the concept prototype was 
reinvestigated thoroughly. The dimensional tolerances, geometrical tolerances and 
component fittings for all the important areas were reevaluated to ensure high degree 
of accuracy upon full assembly. The critical areas are circled in red in Figure 4.1 and 




Figure 4.1: Section view of the rectified prototype design, with important areas 
for tolerance circled in red 
 
Table 4.1: Design rectification explanations 
No. Original Design Rectified Design 
1 
• Both the concentric tube and the 
gear internal diameter (ID) were of 
nominal 25mm diameter, without 
specifying the engineering 
• The concentric tube diameter 
should be of tolerance h6 based on 













• Not specifying the tolerance of the 
bearing seat and the fitting onto the 
concentric tube 
• H5/m6 press fit for the damper 
body upper cover based on the OD 
of the B6805ZZ bearing. 
• H7/g6 slide fit for the concentric 
tube based on the ID of the 
B6805ZZ bearing. 
3 
• Clearance fit for the ball screw nut • H7/g6 slide fit for the ID of the nut 
spacer based on the OD of the ball 
screw nut 
4 
• Metric coarse thread bolt of 4mm 
used to locate all 3 components 
through PCD 33mm holes. 
• Shoulder bolt of diameter 4.5mm 
used to match the PCD holes on 
the ball screw nut. 
• Nut spacer PCD holes are H7/g6 
slide fit with respect to the 
F4.5mm shoulder bolt. 
5 
• Machined in-house using 
conventional lathe machine, flat 
surfaces not perpendicular to its 
cylindrical axis. 
• Precision machined spacer bought 
from Misumi SEA under special 
order. ID of the spacer is of shaft 
tolerance h5 slide fit to the damper 
body. 
6 
• Damper body lower cover 
provided axial support to both 
inner and outer race of B6809ZZ 
bearings 
• Damper body lower cover only 
provides axial support to outer race 
of B6809ZZ bearing. 
7 
• Only H6 slide fits with respect to 
bearing OD were specified during 
fabrication. 
• In addition to H6 slide fits, the 
concentricity of the 2 bearing seats 
must be good so that the ball screw 
shaft will not wobble during 
rotation. 
8 
• The needle thrust bearing is not 
self-align, so the top thrust washer 
• A plastic top-hat bushing is 
inserted to support the top thrust 
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will slide sideway during 
operation, causing the damper to 
cease motion. 
washer radially and keep it 
concentric with the damper body 
bottom cover. 
 
4.3 Full assembly of the concept prototype 
After all problems had been rectified, the modified components were fabricated 
anew. The actual components that require fitting to other parts were being referenced 
during the fabrication process to ensure the highest degree of accuracy in 
dimensioning. The fully assembled prototype was tested on a rig with the upper joint 
fixed in space and actuating the lower join. The solutions proved to be effective, as the 
afore-mentioned problems were no longer detected and the generator was able to 
rotate without much noise or vibration. Therefore, the concept prototype was ready for 
the experiments as presented in the previous chapter with a damper dynamometer. 
Figure 4.2 shows the physical full assembly of the concept prototype.  
 
Figure 4.2: Fully assembled concept prototype with wiring  
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Chapter 5. Experiment set up and development of test 
methodology 
It’s important to study the experiment set up to be used prior to the tests. 
Important factors such as working principles of test set up, its capability and its limits 
were comprehended before any test methodology was developed, so that the 
developed tests could be conducted as planned. Besides, a custom Data Acquisition 
(DAQ) system was integrated with the test set up to record various important outputs 
such as developed damping force, displacement, regenerated voltage and current. The 
DAQ system consisted of a commercial data logger, and additional sensors retrofitted 
for custom analogue measurement. 
5.1 Experiment setup 
The damper dyno serves to simulate various working conditions of an 
automotive damper by providing linear actuating motion at various speeds and stroke 
according to the setting of the user. Besides, it can accommodates dampers of various 
sizes, nonetheless special adaptors might be needed in order to mount different 
dampers as the top and bottom mount on the damper dyno are universal metric M12 
bolts. The working principle of the damper dyno is based on the electric motor and a 
scotch-yoke mechanism. The scotch-yoke mechanism is connected to the output shaft 
of motor through a steel wheel. On this steel wheel, there are many different radial bolt 
holes. This serves to manipulate the stroke distance of the damper, with the stroke of 
damper simply equals to the diameter of the rotation of the pin. The stroke can be 
varied from 10mm to 150mm in 10mm increment. Please refer to Appendix E for the 
setup of stroke distance for the damper dyno. 
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The electric motor is controlled by a potentiometer input on the controller. To 
detect and record the speed, square teeth are added to the steel wheel on the motor 
output shaft. Proximity sensor is used to count the frequency of the square tooth 
passing by. Assuming the motion starts the bottom dead centre of scotch yoke 
mechanism which represents the full rebound distance of a damper, the instantaneous 
linear displacement and velocity can be related to rotational speed of the motor in rad/s 
through Equation 5.1 and Equation 5.2.  
𝑠 = 𝑑𝑝𝑖𝑛 cos𝜔𝑚𝑜𝑡𝑜𝑟𝑡 (5.1) 
𝑣 = ?̇? = −𝑑𝑝𝑖𝑛𝜔𝑚𝑜𝑡𝑜𝑟 sin𝜔𝑚𝑜𝑡𝑜𝑟𝑡 (5.2) 
During actual operation, it was found that the maximum damping speed the 
damper dyno can operate without any data measurement error was approximately 0.25 
m/s or 96rpm at the electric motor. Beyond that speed, the system would register speed 
reading errors and caused the test to fail prematurely. Therefore, all test developed 
would have maximum testing damping speed of 0.25 m/s. 
Apart from speed, the other important parameter to measure on the damper is 
the developed force. A model SX-2 Wheatstone Bridge load cell from Senel 
Technologies is used for this purpose, with a rated load of up to 1000kg. For 
illustrative purpose, Figure 5.1 shows the balanced Wheatstone Bridge of load cell on 
the left and unbalanced Wheatstone Bridge on the right. Under normal condition 
without load, all the strain gauges have identical resistance and hence there is no 
potential difference across junction 1 & 2. When force is applied onto it, the 
Wheatstone Bridge will become unbalanced and induce an electric potential difference 
across the junction 1 & 2. Since the change in resistance of the strain gauges is linearly 




Figure 5.1: Balanced Wheatstone Bridge (left) and unbalanced Wheatstone 
Bridge (right) of a load cell 
Before the concept prototype was mounted onto the damper dyno, the correct 
stroke setting must be set up and the upper damper mount must be adjusted to the 
correct height. This was to make sure the stroke will not exceed the designed stroke of 
the damper to be tested. If testing stroke exceeds the designed damping stroke, the ball 
screw nut would detach from ball screw shaft, damaging the whole prototype. Figure 





Figure 5.2: Installation of concept prototype in damper dyno 
Based on the reciprocating input of the damper dyno, a sinusoidal electrical 
output is anticipated from the generator since it is engaged to the output of ball screw 
mechanism at all time. To ease the data acquisition and post-processing of data, a 
simple full bridge rectifier circuit was added to the generator output. It’s designed for a 
single-phase AC system, the peak forward average current can be up to 17A and can 
withstand up to 200V reverse voltage. However, the addition of full-bridge rectifier 
will give rise to more energy losses since silicon diode experiences 0.7V drop across it. 
At high generated voltage, this loss might not be significant. But at low damping speed 
which gives rise to low generated voltage, the voltage drop will amount to significant 
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percentage of the total generated power. On the other hand, to record the regenerated 
voltage in real time, a DAQ unit from Race Technology, DL1 was used. A simple 
voltage divider was integrated parallel to the generator terminal to step down the 
electrical voltage. The advantage of such configuration was that it can effectively 
protect the DAQ unit, but the downside was the inclusion of signal noise once the 
recorded signals were being amplified to original level if the resolution of the DAQ 
unit is not sufficiently high. DL1 has 12-bit resolution at a max input signal voltage 
range of 12V and sampling rate of 100Mhz. With 212 = 4096 divisions in 12V, it can 
capture a voltage change as small as 2.93mV within 0.01s and was deem satisfactory. 
Figure 5.3 shows the installation of the full bridge rectifier and the DL1 data logger. 
 
Figure 5.3: Full bridge rectifier used and the DL1 data logger 
5.2 Development of the testing methodology 
5.2.1. The experiments to be carried out 
After the experiment setup was studied, various tests could be developed based 
on the objectives and hypotheses made. The objectives of this research were first 
revisited so that tests could be tailored based on the limit of the experiment set up. 
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i. To find out the relation between the bound and rebound speed of the damper and 
the damping force produced. 
ii. To find out the power generated from the recuperation generator under different 
damping speed, as well as how changing the electrical output of the generator 
will change the damping force at a specific damping speed. 
iii. To find out the relation among the damping stroke distance, the voltage and the 
electrical current generated. 
iv. To find out the relation among the damping speed, the voltage and the electrical 
current generated. 
A few hypotheses that are related to the objectives of the project were made. 
Firstly, since the ball screw is just a motion conversion mechanism and the rolling 
resistance does not change with respect to the rotational speed of the screw shaft, the 
damping force developed should be linearly proportional to the torque input of the 
generator for electricity generation. The axial force and the input torque to the 
generator can be numerically related by using Equation 5.1 as given from Misumi 
technical guide. 
𝐹𝑎𝑥𝑖𝑎𝑙 = 2𝜋𝑇𝜂𝑏𝑎𝑙𝑙𝐿 (5.1) 
Since the generated electric power and input mechanical power are having 
linear relation, only different in numerical value due to the inefficiency of the 
generator, the prototype regenerative damper should not have low speed and high 
speed damping region. Besides, one of the drawbacks of using the DC generator in the 
regenerative damper is that at rotational speed beyond the rated speed, saturation of 
power generation occurs. Any increase in rotation speed will decrease the torque 
needed for power generation, as discussed in Reference [33]. As a result, the damping 
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force that corresponds to the motor input torque will also be reduced. A graph is being 
reproduced from Reference [33] as in Figure 5.4 for better representation of the afore-
mentioned problem. This problem can be solved by choosing the generator of suitable 
rated speed and power to prevent it from operating in the constant power region. 
 
Figure 5.4: Comparison between conventional damper and DC generator based 
regenerative damper 
From the generator output characteristic curve, the generated voltage is linearly 
proportional to the input speed, and the voltage do not change after it stabilized. Thus, 
the second hypothesis is that only the damping speed will affect the regenerated 
voltage, damping stroke will not affect the magnitude of voltage. More specifically, 
damping stroke will only determine the amount of recuperated energy from the 
damping motion during vehicle motion. 
The third hypothesis is that changing the electrical load at the generator output 
should change the damping characteristic of the regenerative damper. As discussed in 
the previous paragraph, the damping force should be proportional to the motor input 
torque. Since within a closed system the total amount of energy is constant, to get 
more electrical power output the input power must be increased as well. Increasing the 
electrical power demand from the generator can be easily done by reducing the 
resistance of the external circuit where the generated power is being supplied to. 
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However, care should be given when manipulating the external circuit resistance to 
avoid overloading the generator and causes potential damage to the generator or 
excessive voltage drop across the generator terminals. 
In addition to overloading of generator, it’s also very important to find out the 
maximum electrical load of the external circuit, 𝑅𝑙𝑜𝑎𝑑 to which the generator supplies 
electricity in order to achieve the best power transmission efficiency. For a generator, 
the electrical power delivered to the external circuit will be less than the total power 
generated due to the internal resistance 𝑅𝑖𝑛. The current flow in the circuit can be 
expressed as: 
𝐼 = 𝐸
𝑅𝑙𝑜𝑎𝑑 + 𝑅𝑖𝑛 (5.2) 
𝑃𝑤𝑜𝑟𝑘 = 𝐼2𝑅𝑙𝑜𝑎𝑑 (5.3) 
Substituting Equation 5.2 into Equation 5.3 and working out the full expression, 
the useful power delivered to the external circuit can be expressed in terms of internal 





� + 2𝑅𝑖𝑛 + 𝑅𝑙𝑜𝑎𝑑 (5.4) 
The internal resistance of the generator is a constant and the resistance of the 
external circuit is the variable in this expression. Therefore, the useful power delivered 
to the external circuit should be maximum if the denominator in Equation 5.4 is at the 
minimum value. The denominator minima can be found by differentiating it with 




𝑑(𝑅𝑙𝑜𝑎𝑑)�𝑅𝑖𝑛2 𝑅𝑙𝑜𝑎𝑑� + 2𝑅𝑖𝑛 + 𝑅𝑙𝑜𝑎𝑑� = −𝑅𝑖𝑛2 𝑅𝑙𝑜𝑎𝑑2� + 1 (5.5) 
For any maxima or minima, the first derivative should be zero. Equating 
Equation 5.5 to zero, an expression relating 𝑅𝑖𝑛 and 𝑅𝑙𝑜𝑎𝑑 can be found. 
𝑅𝑖𝑛
𝑅𝑙𝑜𝑎𝑑
= 1 (5.6) 
Hence, in order to achieve maximum power transfer efficiency, the resistance 
of the external circuit should be made identical or at least in close proximity to the 
internal resistance of the generator. From the datasheet, the internal resistance is found 
to be 1.63Ω. Manual measurement of internal resistance of Faulhaber 3257G024CR 
gave a reading of 2.2Ω. A simple test was carried out to find out the regenerated 
electric power under a variety of external resistances that ranges from higher to lower 
than the internal resistance of the generator. Figure 5.5 shows the result of the 
generated power with respect to input rpm at different loading. When the resistance of 
external circuit goes below the internal resistance of the generator, the power 
generation dropped drastically and this should be avoided during the operation of the 
regenerative damper. Moreover, it was found that the maximum generated power did 
not occur at the external resistance value of 2.2Ω; the power generated at 3.0Ω was 
higher than that of 2.2Ω, and power generation at 4.0Ω is smaller than that of 2.2Ω. So 
it was deduced that there’s a maxima in power generation between the external 
resistance of 2.2Ω and 3.0Ω. This will be verified later through the experiments using 




Figure 5.5: Generated power with respect to input speed at different loading. 
Based on the project objectives and hypotheses deduced from the 
characteristics of both the regenerative damper prototype and the generator, two 
experiments have been planned for the subsequent phase of the project. 
i. Test the prototype throughout the damping speed spectrum without connecting 
any generator load. 
Without any generator load, the force-speed relationship of the regenerative 
damper reflects the force required to overcome the rotational inertia of all the 





















Generator Speed (rpm) 
Generated power w.r.t. rotational speed 
1 Ω 2 Ω 2.2 Ω 3 Ω 4 Ω 5 Ω 6 Ω 
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bearing drag. Besides, the force-speed curve will be examined to verify whether 
the developed force has linear relation with speed and whether it has distinguish 
high and low damping speed regions. 
ii. Repeat the test for different generator load at the same damping speed spectrum. 
When the tests are repeated at different generator loading, the developed 
damping force can be counter checked to see if changing the generator load will 
have significant effect on the regenerative damper. Also, recording the 
regenerated output will be useful in determining the recoverable energy and how 
effective is this regenerative damper. 
5.2.2. Simulated performance of the regenerative damper prototype 
To gain insights on the performance of the regenerative damper, some 
projections were being made using the numerical relations presented in the earlier 
sections. The critical information to be evaluated for the regenerative damper are the 
recuperated electrical output and the damping force developed. The Faulhaber motor 
used is only rated for 83.2W at 24V input voltage, thus the output power when it 
operates in generator mode might be lower than that. Besides, based on the recorded 
data the most frequently occurring damping speed is in between 0.01 m/s to 0.35 m/s. 
Therefore, the projections were made for the generator output as well as the damping 
force developed for the damping speed from 0.01 m/s to 0.30 m/s. Equation 3.4 was 
combined with the voltage constant of the generator at different loading to project the 
voltage of the regenerative damper for different resistance value. The full expression is 
in Equation 5.7. It should be pointed out that this projection model ignored the self-
inductance effect of the generator, hence deviation of experiment result from the 
projection was expected. 
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𝑉 = 𝑣𝐿 1000� × 60 × 𝐺𝑅 × 𝜑 (5.6) 
 
Figure 5.6: Generated voltage with respect to the input damping speed 
Figure 5.6 shows the projected generator output voltage with respect to the 
different input damping speed. However, this project might not be accurate at high 
damping speed, as beyond the rated rotational speed the output voltage might be 
saturated at the rated voltage of 24V. On the other hand, based on the current 
generated and the current constant of the generator, the input torque to the generator 
can be found. Using Equation 5.1, the axial force with respect to the input damping 














Damping speed (m/s) 
Regenerated Voltage w.r.t. damping speed 
1 Ω 2 Ω 2.2 Ω 3 Ω 4 Ω 5 Ω 6 Ω No load
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to various losses such as ball screw conversion efficiency, bearing drag and gear 
meshing loss from backlash and teeth interference. Besides, the projection assumed 
that both the bound and rebound has the same developed force at a particular damping 
speed. Figure 5.7 shows the projected axial force with respect to the damping speed. 
 
















Damping speed (m/s) 
Developed force w.r.t. damping speed 
1Ω 2Ω 2.2Ω 3Ω 4Ω 5Ω 6Ω 
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Chapter 6. Experiment result and discussions 
In this chapter, the experiments that were developed in the previous chapter 
were conducted with a damper dyno on the regenerative damper prototype. In the first 
set of test, the regenerative damper was tested at zero load throughout the designed 
damping speed spectrum, i.e. from 0.01 m/s to 0.25 m/s. Both the developed damping 
forces and regenerated voltages for both bound and rebound stage were recorded. The 
tests were then repeated for different generator loading, progressively increased in 
loading from 10.22 Ω to 1.0 Ω. For these tests, apart from the developed damping 
forces, the regenerated voltages at different damping speed and generator loading were 
also recorded throughout the test using the DAQ system presented in previous chapter. 
Further analyses were done based on these recorded results. 
6.1 Experimental results 
6.1.1. Test at no generator load 
Figure 6.1 shows the recorded damping force w.r.t. the input damping speed 
for the regenerative damper prototype. Besides, it also shows the two types of force-
speed relationships, namely the linear one and the quadratic one. Before the test, it was 
predicted that the damping force should be linearly proportional to the damping speed. 
However after the test with damper dyno, it was found that the best fit relationship for 
the test prototype was a quadratic polynomial relation rather than a linear one as 
shown in Figure 6.1. This might be due to the higher rotational inertia the damper has 
to overcome in the ball screw attachment and the generator at high damping speed, 
especially so when the generator changes direction of rotation as the damper operation 
alternates between bound and rebound. By using the equation for the fit line, 




Figure 6.1: Damping force of regenerative damper without generator load 
It was also discovered that the bound force is slightly higher than the rebound 
force at same damping speed. This is not preferable as the conventional hydraulic 
damper used on the car have higher rebound force than bound force. As the ball screw 
was not known to have different drag associated to its operation in different direction, 
it was deduced that this different in developed force was due to the different operating 
characteristic of the generator used. To verify this, the regenerated voltage was plotted 
against the damping speed for both bound and rebound state. Figure 6.2 shows the 
results from the same set of experiment. Projected regenerated voltage using Equation 
5.6 was also added into the graph for comparison. 
y = 42854x2 + 6469.6x 
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Figure 6.2: Regenerated voltage at different damping speed 
From the graph, the voltage generated at bound stage was found to be lower 
than that of rebound stage. This might cause by the construction of the generator. 
Under normal circumstances, it was designed and built to rotate in one direction only. 
Thus, the electromagnetic induction characteristics might be different when it rotates 
in the other direction that it was designed for. Besides, the voltage was not linearly 
proportional to the damping speed at high speed. At low speed, the voltage at no 
generator load closely approximates the projected voltage, but at higher damping 
speed, the self-inductive effect of the generator causes deviation from the projection.  
6.1.2. Test results for developed force across different generator load 
The same set of experiments was repeated for various generator loads. The 
generator loads were made up of an array of power resistors, each has a fix resistance. 
Following Ohm’s law, the voltage across a resistive element will induce an electric 
current that is directly proportional to the resistance. So by decreasing the resistance 
value of the power resistor array, the current demand will increase accordingly hence 
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occasions. Eventually the electrical power will be dissipated in these power resistors as 
heat. In the experiments, the generator loads used were 1.0 Ω, 2.0 Ω, 3.0 Ω, 4.0 Ω, 5.0 
Ω, 5.93 Ω, 8.25 Ω and 10.22 Ω.  
However, due to the nature of the scotch-yoke mechanism of the damper dyno, 
the regenerative damper prototype actually went through a wide range of input 
damping speed within one cycle of testing. Therefore, only the maximum force values 
for each designated testing speed will be recorded. This is to ensure uniformity and 
consistency of the experiment results. Due to the large amount of data, the graph for 
damping force at different damping speed will be categorized into 2, namely bound 
force and rebound force respectively. Besides, the shown curves are the best fit curves 
for the data points; the raw data points were taken out to minimize confusion. 
 

















Damping speed (m/s) 
Rebound force for different generator load 
Poly. (10.22Ω) Poly. (8.25Ω) Poly. (5.93Ω) Poly. (5.0Ω) 
Poly. (4.0Ω) Poly. (3.0Ω) Poly. (2.0Ω) Poly. (1.0Ω) 
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From Figure 6.3, the rebound force developed for high generator loads of 10.22 
Ω, 8.25 Ω, 5.96 Ω and 5.0 Ω are not distinctively different from one another. This is 
possible too low a load for the generator to overcome, considering the voltage it 
generated at these loads. So the subsequent discussions will only focus on data for 
generator load of 5.0 Ω and below. When the resistance value was further decreased, 
the developed rebound force did increase at low damping speed below 0.15 m/s. 
Throughout the damping speed spectrum, the rebound force for generator load of 1.0 
Ω and 4.0 Ω increase at almost the same scale. When the damping speed was above 
0.15 m/s, the rebound force for 3.0 Ω generator load registered faster increment 
compare to that of 1.0 Ω generator load which registered highest rebound force below 
0.15 m/s. The same scenario occurred for the bound force w.r.t. damping speed 
relationship, where 3.0 Ω generator load registered highest bound force compare to the 
rest at speed beyond 0.15 m/s. This phenomenon might be caused by the fact that the 
3.0 Ω generator load is closest to the internal resistance of the generator. As such, the 
generated electrical power was near to the maximum magnitude transferable according 
to the Maximum Power Transfer Theorem. Coupled with the Principle of 
Conservation of Energy, the input must supply more energy in order to yield higher 
output when the frictional losses on the same prototype are supposed to be the same. 
Figure 6.4 shows the bound force diagram for various generator loads. Do note that the 




Figure 6.4: Bound forces for different generator load 
However, due to the lack of consideration of the frictional losses of the whole 
regenerative damper such as bearing drags, rotational inertia and generator losses, the 
prediction of the damping force for various generator loads were far off from the 
actual force developed. The data for both the actual damping force and the prediction 
were reproduced in graph form for reference in Figure 6.5. Therefore, the efficiency of 
the whole system was investigated in the subsequent sections to take a deeper look on 
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Figure 6.5: Contrast plot of actual damping force vs prediction 
6.1.3. Test results for regenerated voltage and electric power across different 
generator loads 
The generated voltage across the damping speed spectrum designated for the 
experiments for various generator loads were investigated. Each generated voltage has 
a corresponding electric current flow in the resistor banks. Firstly, the data for 
regenerated voltage in both bound and rebound stage were presented in Figure 6.6 and 
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Figure 6.6: Regenerated voltage during damper rebound stage for various 
generator load 
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As shown in the graphs, the voltage generated when the load were 10.22 Ω, 
8.25 Ω, 5.93 Ω and 5.0 Ω did not make much of a difference during relatively low 
damping speed of 0.13 m/s. Besides, due to the nature of the generator construction, 
the regenerated voltages were slightly higher in rebound stage than that of bound stage 
for all generator loads. The voltage drop becames more significant when the generator 
load was smaller than the internal resistance of the generator. It might seem as 
undesirable to increase the generator load because of the voltage drop. To avoid 
confusion, the total power dissipated was investigated instead. Figure 6.8 and Figure 
6.9 shows the max electrical power dissipated in the resistor bank at each 
instantaneous damping speed for rebound and bound stage respectively. 
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Figure 6.9: Regenerated electrical power during damper bound stage 
At greater loads close to the internal resistance of the generator, i.e. 5.0 Ω, 4.0 
Ω, and 3.0 Ω, the electrical power dissipated in the resistor banks were the greatest 
among the recorded data. Even though 2.0 Ω generator load was higher than the 
internal resistance of the generator as provided by the technical data sheet from the 
manufacturer, but this is purely the resistive internal impedance. During operation, the 
internal impedance should be used as it will take into consideration the effect of the 
inductive and capacitive impedance. As mentioned in the earlier section of this report, 
the effect of the inductive impedance of the generator was investigated and found to be 
quite significant during high speed. Therefore, the total impedance magnitude would 
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Figure 6.10: Comparison of experiment data with projection data for 5.0 Ω load 
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Figure 6.12: Comparison of experiment data with projection data for 1.0 Ω load 
In the earlier section of the report, projections were made to predict the 
regenerated voltage w.r.t. input damping speed at generator load of 1.0 Ω to 5.0 Ω in 
the increment of 1.0 Ω. To investigate how accurate the projection made for the 
regenerated voltage, the projection data were compared with the experimental data in 
graphical form. Data for 5.0 Ω, 3.0 Ω and 1.0 Ω load were presented to show the 
difference and deviation for 3 different scenarios, i.e. at load that was higher, close to 
and lower than internal impedance of the generator. The negative percent means the 
experimental data was lower than that predicted and positive means the experiment 
was higher than predicted. The raw comparison data is in Appendix F for reference.  
It was found that at relatively low damping speed, the negative percent 
deviation was much greater compare to that at high speed. Besides, at load smaller 
than internal impedance of the generator, the percent deviation for both rebound and 
bound stage become greater. As these projections were made without considering the 
effect of self-inductance of generator, therefore it was suggested that at low damping 
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directly calculate the regenerated voltage using the speed constant of generator at high 
speed for simplicity sake. 
6.1.4. Test results for regeneration efficiency across different generator load 
One thing to note is that, according to Max Power Transfer Theorem, the 
maximum power transferable and maximum transfer efficiency attainable does not 
occur at the same internal impedance-to-external load ratio. To investigate the 
efficiency of the regenerative damper prototype across the damping speed spectrum 
and the effect of external load on efficiency, both the input and output power of the 
prototype were evaluated. The input power can be found by multiplying the developed 
force with the instantaneous input speed, while the output power is simply the 
electrical power generated by the damper and dissipated in the resistor banks. Figure 
6.13 and Figure 6.14 shows the efficiency plot of the regenerative damper for rebound 
and bound stage respectively. 
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Figure 6.14: Bound efficiency of regenrative damper for different load 
Firstly, it was clear that at load lower than the internal impedance of the 
generator, the efficiency of the system is much lower compare to the rest. Hence, the 
use of such low resistance load should be avoided at all time. Secondly, at loads close 
to the internal impedance of the generator, the system efficiency does not fluctuate 
much. This is different from that of 1.0 Ω and 2.0 Ω load, where the fluctuations were 
much greater across the damping speed spectrum. In addition, at damping speed below 
0.05 m/s, the generator load used should be close to generator internal impedance 
since the developed damping forces at low speed do not differ by much for different 
load but the efficiency is better. However, when the damping speed is higher than 0.05 
m/s, the load used should be higher than previously used for better efficiency. 
Combined with the data from the regenerated power plot, it was advised load of 5.0 Ω 
be used for this regenerative damper prototype at damping speed higher than 0.05 m/s 
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6.2 Implications from the experiment results 
There are several findings from the experiment data which is very important 
for future development of regenerative damper that exploits the similar concept. 
Firstly, increasing the generator load did increase the damping force developed. 
However, at low speed, the increment in force w.r.t. load increment was not significant 
compared to the increment in force when the generator load was increased at high 
speed. As can be seen from Figure 6.3 and Figure 6.4, the rebound force and bound 
force increased at greater scale when damping speed exceeded 0.1 m/s. As the 
prototype used in the experiment was equipped with a relatively small power rating 
generator, there’s a limit on the generator load range can be used. If the power rating 
of the generator can be scaled up, there can be more viable choices of the generator 
load hence a wider range of damping force for each corresponding speed. By 
achieving that, regenerative damper can then be categorized as a semi-active damper 
which has different force-speed characteristics. 
On the other hand, if the energy recuperation is the primary concern then both 
qualitative and quantitative analysis must be done on the relationship between the 
external load and the generator characteristics. From the experiment results, it was 
deduced that at the generator load close to its internal impedance, the power 
generation magnitude was the greatest but it was not the most efficient point of power 
transfer. To obtain high power delivery efficiency, the external load had to be higher 
than internal impedance of the generator. The use of generator load below the internal 
impedance of the generator should be avoided at all time, because not only the 
electrical power generation magnitude was the lowest but also it had the lowest power 
transfer efficiency. For the concept prototype in this project, at damping speed below 
0.05 m/s generator load close to the internal impedance should be used as it had the 
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best compromise between power generation magnitude and efficiency. However for 
damping speed higher than 0.05 m/s, the generator load should always be higher than 
the internal impedance as it ensured good power generation magnitude at relatively 
good efficiency. 
From the performance projection perspective, it was proven from the 
experiments that the voltage projection according to the model used was quite accurate 
at high damping speed. Nevertheless, the voltage projection must include the effect of 
self-inductance of the generator at relatively low damping speed for better accuracy. 
This is against the observed self-inductance phenomenon of the generator discussed 
earlier. Unfortunately, no explanation could be found for this behavior. In contrast, it 
was much harder to do projection of the developed damping force, as no literature 
could be found to provide guideline on numerical estimation of mechanical losses 
from motion conversion to electromagnetic induction. 
With the behavior of the regenerative damper known, the design could then be 
better developed for actual automotive application. If the commercial regenerative 
damper is based on the same design, i.e. ball screw integrated with generator, its 
behavior is anticipated to be very much dependent on the generator load and the 
damping speed the car will experience. And since the damping speed is not a driver-
controllable parameter, the control logic of the regenerative damper should focus on 
manipulating the generator load to achieve the level of damping force desired. 
In general, the control logic should manipulate the generator load based on 
three inputs, i.e. sprung mass vertical acceleration, road conditions and the vehicle 
speed. The damping speed is an indication of the vertical motion of unsprung mass, 
and both road conditions and vehicle forward traction will affect it. The control of 
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sprung mass vertical acceleration is generally dependent on the type of application the 
vehicle is being operated in, for instances general usage, high speed, bumpy terrains, 
etc. The damping ratio of a car, 𝜉 is a good indication of how fast should the vibration 
be damped until vehicle returns to equilibrium position. According to Gillespie, the 
damping ratio, 𝜉 is directly proportional to the suspension damping coefficient and can 
be numerically expressed as in Equation 6.1 [4]. 𝐶𝑠  is the suspension damping 
coefficient in N.s/m, 𝐾𝑠  is the suspension stiffness in N/m and  
𝑀𝑠 is the sprung mass in kg. 
𝜉 = 𝐶𝑠
�4𝐾𝑠𝑀 (6.1) 
By changing the damping ratio, the damping characteristic of the suspension 
can be changed from very little damping to the ideal case of critical damping. The 
appropriate damping ratio to choose depends on the vehicle speed and the road 
condition, so there is not a single best damping ratio for a particular suspension setup. 
Despite the situations, the objective is to achieve the best compromise between ride 
comfort and road holding capability. In the case of regenerative damper, this can be 
achieved by changing the generator load thus changing the damping coefficient. For 
example, at damping speed of 0.10m/s, regenerative damper has damping coefficient 
of approximately 16015 Ns/m at 10.22Ω and 21882 Ns/m at 3.0Ω. On an average car 
having corner sprung mass of 400kg and suspension stiffness of 80kN/m, this 
translates into different damping ratio of 1.41 and 1.93 respectively. These damping 
ratio are too high to provide sufficient ride comfort. Therefore the gear ratio for the 
generator should be revised, as it directly affects the torque required to run the 
generator as given in Equation 5.1. 
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To better illustrate the effect of different damping ratio on the damped 
frequency, Figure 6.15 was reproduced from Miliken and Miliken’s book Race Car 
Vehicle Dynamics [43]. As mentioned by Dixon in his book “The Shock Absorber 
Handbook”, passenger cars may have effective mean damping coefficient of 
approximately 0.3 in heave, because even though lower damping ratio is not so good 
for control but it yields less discomfort as well [5]. Whereas it is always better to have 
higher damping ratio for race cars, ideally approaching 1.0 for maximum road holding 
capability. In general, the range of practical damping ratio is in between 0.2 to 0.8 and 
the actual figure is always reevaluated based on the ride comfort/handling compromise 
for that particular vehicle. Nevertheless, changing damping ratio does not affect the 
damped natural frequency severely, as the undamped natural frequency of the car is 
determined by the static deflection. For damping ratio of 0.2, the damped natural 
frequency is only about two percent lower than undamped natural frequency. At 
damping ratio of 0.4, the reduction is about eight percent and about forty percent lower 








Chapter 7. Conclusion and recommendation for future 
work 
7.1 Conclusions 
Exploiting the advantage of the ball screw mechanism, a type of regenerative 
damper which involves the motion conversion from linear to rotation and DC electric 
generator were proposed and developed. The propose design was different from the 
current literatures found. 
The design process of the proposed regenerative damper was presented. To 
help form the basic requirement of the proposed regenerative damper, real world 
damper data were presented and discussed. Following that, the components needed for 
the regenerative damper were selected from the pool of options based on their merits 
and shortcomings. FEA were done on both the parts designed and the assembly to 
assess their durability and reliability. After the design was finalized, it was being 
fabricated and assembled. However, due to the negligence of some minor details there 
were unexpected problems in the regenerative damper assembly. Solutions were 
promptly produced and found to be effective to tackle these problems. 
The regenerative damper prototype was tested with a damper dyno according 
to the test methodology developed. There were two main manipulative parameters, 
namely the damping speed and the generator load. Both the damping force and 
regenerated voltage were recorded. The author varied the generator load by changing 
the resistance value of the load bank that connected to the generator output. It was 
found that increase the load on the generator did increase the damping force for both 
bound and rebound motion. However, if the resistor values used were too high 
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compared to the internal resistance of generator, they have little effect on the damping 
force in contrast to when there was no generator load. Also, the damping force was 
related to the damping speed following a quadratic polynomial relation. Nevertheless, 
the increase in force for low damping speed was not significant as compared to that of 
damping speed beyond 0.1 m/s for most of the generator load used. On the other hand, 
using a generator load close to its internal impedance could effectively increase both 
the electrical power generation magnitude and the damping force, but the overall 
regenerative damper efficiency deteriorated as the generator load increased beyond its 
internal resistance. For better regeneration efficiency, it was suggested that a load that 
is higher than the internal impedance of the generator be used.  
Also, the experimental results proved that the voltage projection model is only 
accurate at high damping speed. The accuracy of regenerated voltage projection 
improved as the damping speed increased from zero to 0.1 m/s. However, beyond 
damping speed of 0.1 m/s, the recorded voltage deviated from projection. So self-
inductance effect of the generator must be taken into account at damping speed below 
0.05 m/s. At generator load higher than its internal resistance, the experimental value 
also deviated from projection. 
In conclusion, this project showed that regenerative damper of motion 
converter coupled with generator possessed potentials to harness the loss energy while 
changing the damping characteristic of the suspension. This could be very beneficial to 
achieve better energy efficiency while altering the focus of vehicle suspension in 
between ride comfort and road holding, depending on the actual situation. Also, if the 
design were to scale to a commercial size with a higher work rate generator, higher 
energy recuperation can be anticipated. Nonetheless, a good control logic should be 
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used in parallel with the regenerative damper to realize the semi-active suspension that 
can harness loss energy and improving ride perception at the same time. 
7.2 Suggestions for future work 
Due to time and budget constraints, the project could not investigate the effect 
of the ball screw lead and gear ratio used in the design of this regenerative damper on 
both the damping force developed as well as the regenerated electrical power. 
Changing the ball screw lead will change the output rotational speed according to 
Equation 3.4, while gear ratio will determine the speed multiplication on the generator 
shaft. These mechanical leverages might help to achieve better system efficiency or 
producing higher output at relatively small increase in damping force. 
In terms of the design modification, in this current prototype two separate 
bearings were used, i.e. deep groove ball bearings and thrust needle bearings to 
support the ball screw mechanism radially and axially. It was discovered during the 
assembly process that such arrangement caused misalignment of the mechanism in the 
damper body as well as more difficulty in assembly and disassembly of the prototype. 
Therefore, a potential design improvement would be to use tapered roller bearings 
instead of ball bearings with thrust bearings as it can simultaneously support a shaft 
axially and radially. Besides, the design can be trimmed for compactness. 
The third shortcoming of this regenerative damper prototype was discovered 
during experiment. It was found that the rebound force and bound force developed 
were quite similar. This does not meet the requirement for automotive damper where 
rebound force should be higher than bound force for all damping speeds. This can be 
solved with two possible solutions. One is to use different generator load during bound 
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and rebound operation to yield different damping force. The other is to use different 
mechanical leverage to differentiate the damping force for these two operations. 
Lastly, no explanation could be offered to the phenomenon where the 
projection of the voltage was inaccurate during low damping speed. Therefore, more 
literatures pertaining to the self-inductive effect of generator should be investigated. 
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Appendix A. Damping speed frequency 
Speed Frequency  Speed Frequency  Speed Frequency 
0.01 16967 0.46 15 0.92 1 
0.02 43188 0.47 34 0.94 2 
0.03 87309 0.48 22 0.95 3 
0.04 15448 0.49 21 0.96 2 
0.05 53536 0.50 28 0.98 1 
0.06 48723 0.51 21 0.99 2 
0.07 14198 0.52 12 1.01 1 
0.08 47740 0.53 23 1.02 3 
0.09 21248 0.54 10 1.03 1 
0.10 12688 0.55 8 1.04 1 
0.11 37355 0.56 15 1.05 2 
0.12 8070 0.57 11 1.06 3 
0.13 12567 0.58 10 1.07 2 
0.14 20719 0.59 7 1.09 4 
0.15 3789 0.60 8 1.10 2 
0.16 9863 0.61 7 1.11 1 
0.17 8621 0.62 5 1.12 1 
0.18 2441 0.63 5 1.13 3 
0.19 6566 0.64 6 1.15 3 
0.20 3401 0.65 5 1.17 1 
0.21 1638 0.66 5 1.18 1 
0.22 3768 0.67 8 1.20 1 
0.23 1220 0.68 6 1.22 1 
0.24 1110 0.69 8 1.23 1 
0.25 1930 0.70 5 1.25 1 
0.26 520 0.72 3 1.26 1 
0.28 807 0.73 2 1.27 1 
0.29 243 0.74 6 1.30 1 
0.30 501 0.75 2 1.31 1 
0.31 330 0.76 4 1.32 1 
0.32 187 0.77 1 1.34 1 
0.33 281 0.78 4 1.37 1 
0.34 150 0.79 2 1.48 2 
0.35 104 0.80 6 1.49 1 
0.36 161 0.81 4 1.56 1 
0.37 77 0.83 6 1.58 1 
0.38 72 0.84 3 1.60 1 
0.39 84 0.85 1 1.70 1 
0.40 56 0.86 7 1.82 1 
0.41 48 0.87 1 1.88 2 
0.42 58 0.88 4 2.13 1 
0.43 37 0.89 4 2.41 1 
0.44 55 0.90 3 2.98 1 













Appendix D. Bill of Material for the regenerative damper prototype 
No. Name CAD Picture Purchase / 
Machined 
Quantity 









































6 Ball screw nut 


























































































































































































Appendix F. Experimental value and projection for regenerated 
voltage for different generator load 
Damping speed Voltage Deviation % 
(m/s) Rebound Bound Projection Rebound Bound 
5.0Ω 
     0.023 1.69 1.47 2.67 -36.6% -44.9% 
0.049 4.68 4.48 5.68 -17.6% -21.2% 
0.070 7.03 6.80 8.12 -13.5% -16.3% 
0.089 9.31 9.08 10.32 -9.8% -12.1% 
0.113 12.47 12.12 13.11 -4.9% -7.6% 
0.137 16.05 15.49 15.89 1.0% -2.5% 
0.155 18.32 17.50 17.98 1.9% -2.7% 
0.174 20.59 20.32 20.18 2.0% 0.7% 
0.191 22.75 21.33 22.16 2.7% -3.7% 
0.204 24.10 22.00 23.66 1.8% -7.0% 
 
     4.0 Ω 
     0.027 1.61 1.40 2.92 -44.9% -51.9% 
0.048 4.14 3.83 5.18 -20.2% -26.1% 
0.069 6.26 5.88 7.45 -16.0% -21.1% 
0.083 7.72 7.42 8.96 -13.8% -17.2% 
0.103 9.95 9.41 11.12 -10.6% -15.4% 
0.130 13.06 12.60 14.04 -7.0% -10.3% 
0.146 14.91 14.56 15.77 -5.5% -7.7% 
0.163 16.60 16.19 17.60 -5.7% -8.0% 
0.180 18.31 17.73 19.44 -5.8% -8.8% 
0.191 19.62 18.99 20.63 -4.9% -7.9% 
0.204 21.16 20.36 22.03 -3.9% -7.6% 
 
     3.0 Ω 
     0.028 1.84 1.75 2.69 -31.4% -35.0% 
0.048 3.69 3.43 4.61 -20.0% -25.6% 
0.068 5.53 5.22 6.53 -15.3% -20.0% 
0.092 7.76 7.32 8.83 -12.2% -17.1% 
0.114 10.00 9.61 10.94 -8.6% -12.2% 
0.129 11.31 10.86 12.38 -8.7% -12.3% 
0.151 13.37 12.85 14.50 -7.8% -11.3% 
0.169 15.11 14.64 16.22 -6.9% -9.8% 
0.186 16.68 16.14 17.86 -6.6% -9.6% 
0.199 17.56 16.71 19.10 -8.1% -12.6% 
 
     2.0 Ω 
     0.027 1.26 1.15 2.05 -38.4% -44.0% 
0.048 2.92 2.71 3.65 -20.1% -25.6% 
 106 
 
0.067 4.31 4.10 5.09 -15.3% -19.6% 
0.084 5.43 5.14 6.38 -14.9% -19.5% 
0.105 6.88 6.50 7.98 -13.7% -18.6% 
0.120 7.97 7.49 9.12 -12.6% -17.9% 
0.138 8.94 8.37 10.49 -14.8% -20.2% 
0.156 9.89 9.24 11.86 -16.6% -22.0% 
0.168 10.58 9.93 12.77 -17.1% -22.2% 
0.194 11.86 11.10 14.74 -19.6% -24.7% 
 
     1.0 Ω 
     0.029 0.69 0.63 1.16 -40.1% -45.3% 
0.050 1.62 1.48 2.00 -19.2% -25.8% 
0.064 2.32 2.17 2.56 -9.5% -15.3% 
0.083 3.01 2.78 3.32 -9.3% -16.2% 
0.099 3.81 3.60 3.96 -3.9% -9.1% 
0.104 4.02 3.75 4.16 -3.4% -9.8% 
0.127 4.66 4.43 5.08 -8.2% -12.8% 
0.143 5.16 4.77 5.72 -9.9% -16.6% 
0.159 5.44 5.17 6.36 -14.5% -18.8% 
0.186 6.02 5.75 7.44 -19.1% -22.7% 
 
